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Thesis Structure 
 

The main body of this thesis is presented as two discrete papers.  Publication details and 

status are provided as footnotes at the beginning of each respective section.  While 

minor changes may have been made to the published or submitted documents, the 

findings and conclusions stated in the text here are identical to those found in the 

independent publications of the work.  As each publication represents an independent 

body of work, repetition of information has been unavoidable in this thesis, particularly 

in the introduction and methods sections. 

 

In Chapter 3, a numerical model is used to examine hydrodynamic properties of Shark 

Bay in the context of pink snapper (Pagrus auratus) eggs and larvae dispersion.  Fine 

spatial scale currents are examined in regions where snapper are known to spawn.  

These fine-scale currents are reinterpreted in the context of large-scale hydrodynamics 

forces such as tide and wind.  In Chapter 4, the focus remains at the larger scale, and 

compares the influence of major hydrodynamics forces to the pronounced density 

gradients caused by Shark Bay’s salinity and temperature variations.  In order to 

introduce density gradients, the numerical model used throughout the work was further 

refined, to include baroclinic forcing.  No further biological elements are introduced in 

Chapter 4, but the findings have implications for marine species in the region. 

 

Chapter 5 provides an overview of the hydrodynamics of Shark Bay in the context of 

the findings presented in Chapters 3 and 4.  Implications for important fisheries as well 

as recommendations for future work are also outlined. 
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Abstract 

 

Shark Bay is a large inverse estuary, located in Western Australia.  It has a number of 

unique habitats that support important species.  The dynamics of circulation in Shark 

Bay have an influence on the species that inhabit the region, on small, local scales as 

well as on large Bay-wide scales.  Numerical modeling and field data were used to 

examine small-scale dynamics in relation to an important recreational fish, pink snapper 

(Pagrus auratus).  Icthyoplankton surveys collected and recorded egg density in regions 

where snapper are found.  A barotropic three-dimensional hydrodynamic model was 

coupled with a two-dimensional Lagrangian particle-tracking program to simulate the 

passive transport of eggs through regions where spawning is known to occur.  

Circulation modeling results indicated residual flows on small scales that served to 

retain the eggs in the region where they were originally spawned.  Results corroborate 

genetic work on adult snapper, which found no evidence intermixing of populations in 

Shark Bay.  The numerical model was then further refined to run in a baroclinic mode.  

Simulations of salinity and temperature gradients were used to recreate frontal systems 

in Shark Bay.  Frontal regions divide the Bay into a northern and a southern section as 

well as separate it from the ocean.  Application of an analytical method for calculating 

front locations was consistent with the observed results and indicated that the primary 

forces determining frontal locations in the Bay are tides and gravitational circulation.  

Winds are a secondary influence, and solar heating is minimal in influence. 
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CHAPTER 1 - Introduction 
 

This study was designed to contribute to the general understanding of dynamics in 

Shark Bay through examination of specific physical processes, and focuses on two key 

questions: (1) How does water circulation control the distribution of marine species, 

specifically pink snapper (Pagrus auratus), in Shark Bay?; and (2) What physical 

processes control the formation of fronts in Shark Bay and how do these fronts 

influence the water circulation? These more specific questions are used to elucidate 

more general themes about the dominant hydrodynamic processes operating in Shark 

Bay.  These processes, their relative strengths and temporal variations, are fundamental 

to understanding the environmental pressures experienced by Shark Bay’s diverse 

populations of marine species.  In addition to the specific understanding of processes in 

Shark Bay, the study employs general theory on fronts that has been applied in other 

estuaries and coastal seas around the world.  The demonstration of the theory’s validity 

in a unique region like Shark Bay contributes to its importance as a universally 

applicable theory.  In order to provide context to the study and understand the 

implications of the results, both the physical and biological oceanography of Shark Bay 

are reviewed here. 



 2  

CHAPTER 2 – Literature Review 

2.0.1 Physical Description of Shark Bay 

Shark Bay is the largest semi-enclosed estuary in Australia, covering some 14,000 km2, 

and extending 250 km from north to south (Figure 2.1).  It is located on the arid 

coastline of the central coast of Western Australia, where the annual rainfall averages 

25 cm.  This minimal rainfall means limited terrestrial run-off, and when combined with 

high evaporation rates (up to 2 m per annum) in the arid climate, lack of fresh water 

input becomes the most significant physical characteristic of the region.  Shark Bay is 

an inverse or negative estuary, with salinities exceeding 60 in the reaches farthest 

removed from the open ocean (Logan and Cebulski 1970).  The shape of Shark Bay is 

such that these high salinities contribute to strong north-south gradients in the southerly 

reaches of the Bay. 

 

Shark Bay can be viewed in two sections: an open, northern section and a shallower, 

split southern section.  The northern portion of the bay is a single body of water, open to 

the ocean to the north and the west, but otherwise enclosed by Bernier and Dorre 

Islands.  The depth is mostly uniform, ranging between 10 and 20 m.  The southern 

section of the bay is divided into the eastern and western gulf, with the deepest portions 

at 10 m.  The western gulf is separated from the ocean by Dirk Hartog Island, whose 

openings provide slightly more connectivity with oceanic waters.  The most southerly 

part of the western gulf is Freycinet Estuary, which is shallow, but still relatively well 

connected with the rest of the western gulf.  The eastern gulf, in contrast, is the most 

removed from the open ocean, and its most southerly extent is Hamelin Pool, which is 

physically separated from the rest of the western gulf by Faure Sill.  Faure Sill contains 

two islands along its stretch, and the waters have an average a depth of 1 m.  The 

greatest salinities in Shark Bay are found in Hamelin Pool, which serves as a major 

source of highly saline, dense water moving northward, creating the important gradients 

associated with the front in the Bay. 

 

Aside from characteristics specific to Shark Bay, the entire central coast of Western 

Australia is subject to two major environmental forces.  The first, and most well 
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studied, is the Leeuwin Current, which is strongest in winter (June-August).  This major 

eastern boundary current flows south along the western coast, transporting warmer 

equatorial waters (Lenanton et al., 1991).  Inter-annual variations in Leeuwin current 

strength have been linked El Niño/Southern Oscillation (ENSO) fluctuations (Pearce 

and Phillips, 1988; 1994), which has been studied in the context of variations in 

recruitment for a variety of marine species in and around Shark Bay (Lenanton et al., 

1991; Caputi et al., 1996). 

 

The second significant physical characteristic of the region is the wind strength.  In the 

summer (December-February), Shark Bay and the surrounding areas experience steady 

southerly winds averaging 10 m s-1 (Figure 2.2B).  In the winter (June-August), winds 

are more variable and substantially weaker, averaging 3 m s-1 (Figure 2.2A). 

 

Figure 2.2 A: Winds for August (winter) of 2000 in Shark Bay. B: Winds in  
January (summer) showing strong seasonal difference in wind strength. 
 

2.0.2 Previous physical oceanography research in and around Shark Bay 

The first and still most extensive observational survey of the physical environment of 

Shark Bay was completed by two geologists as a segment of their study of sediments in 

the region (Logan and Cebulski, 1970).  The study’s greatest contribution, for purposes 
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of this and other physical oceanography studies of Shark Bay, was the collection of 

comprehensive surface and bottom temperature and salinity data from throughout the 

Bay, staggered throughout the year.  While the study reports important seasonal 

variation in salinity and temperature properties, perhaps the most significant 

contribution in the light of the work presented in this thesis is the delineation of the 

major regions of the Bay (Figure 2.3).  Logan and Cebulski (1970) define a ‘Cape Peron 

salinocline’, which divides the Bay into it northern and southern reaches.  They specify 

further regions in the eastern gulf, showing the significance of Faure Sill on density 

structure.  Finally, this plot suggests a single major point of efflux for Shark Bay waters 

to the coastal ocean, out of western Geographe Channel.  The opposite phenomenon, 

intrusion of oceanic waters into Shark Bay, is addressed by later work. 

 

The next physical study in the Bay was undertaken by biologists (Smith and Atkinson, 

1983) examining carbon and phosphorus balance within the Bay.  Smith and Atkinson 

(1983) also completed water and salt budgets for Shark Bay, and of their findings, the 

most significant was that since the work of Logan and Cebulski (1970), the salinity 

structure of the Bay had remained largely the same.  They also examined evaporation 

rates, and calculated the necessary diffusion rate to maintain the observed salt balance 

in Shark Bay.  Assuming solely diffusive transport, they calculated a horizontal 

diffusivity of 145 m2 s-1. 

 

The next significant step in understanding the properties of Shark Bay was taken with 

the advent of Sea Surface Temperature (SST) data.  SST data (Figures 2.4A and B) 

provide regular images of temperature properties of Shark Bay, revealing a consistent 

temperature front inside of Naturaliste Channel, showing an intrusion of oceanic waters, 

whereas Geographe Channel experiences more irregular patterns of fronts, with 

intrusion in wintertime, but not in summertime.   

 

Burling et al. (1999) examined a number of SST images, showing that while the shape 

of the Naturaliste intrusion is relatively consistent throughout the year, the temperature  

gradients invert in summer and winter.  As Shark Bay is relatively shallow, it is colder 

than the open ocean in winter, and warmer in summer.  The main purpose of the study 
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Figure 2.4. Typical Sea Surface Temperature satellite image from: (A) winter 
when Shark Bay is cooler than ocean waters, and winds are low; and, (B) 
summer when Shark Bay is warmer than ocean waters and winds are from 
the south.  The frontal feature inside of Naturaliste Channel is typical all year 
round, while the feature inside Geographe Channel disappears in summer (B).
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was Bay-Shelf exchange, and Burling et al. (1999) concluded that exchange is minimal, 

but greater in winter when the Leeuwin Current is strongest, and wind (as well as wind-

induced mixing) is weakest.  Southerly winds were also determined to be important for 

maintaining circulation that contributed to the phenomena of oceanic intrusion in 

Naturaliste Channel, and the lack thereof in Geographe Channel. 

 

Work by Burling et al. (1999; 2003) also introduced the use of a numerical model as a 

tool for examining circulation and transport in the Bay.  The model employed was the 

three-dimensional primitive equation model HAMSOM (Hamburg Shelf Ocean Model).  

The details of the model are described later in this thesis.  Important to the context of 

the current work, however, is the previous employment of HAMSOM in Shark Bay.  

Burling et al. (2003) used HAMSOM to resolve the tidal regime in Shark Bay.  The 

work successfully matched the simulated tides with tidal data collected throughout the 

region.  Numerical simulations of the tide revealed a progressive wave that is in phase 

at Naturaliste Channel and Geographe Channel and again at Denham and Monkey Mia, 

with a three-hour lag between. It is further demonstrated that both diurnal and semi-

diurnal components of the tide move more rapidly through the deeper western gulf. 

There is significant dampening of the tide through Faure Sill, causing a significant 

phase lag between Monkey Mia and Hamelin Pool. Burling et al. (2003) further showed 

that the amplitudes of each tidal component are generally similar between the eastern 

and western reaches with the exception of the M2 and S2 whose amplitudes were greater 

in the eastern reach. It is postulated that the shorter eastern reach, with the shallow 

Faure Sill at the southern end, with large attenuation, is of a length necessary to 

generate resonance and hence amplification at the M2 and S2 frequencies. 

 

A significant feature of the system is the near quarter-wave resonance of the semi-

diurnal tide along the eastern gulf (Burling et al., 2003).  The tidal resonance increases 

the semi-diurnal tide by a factor of 2 and alters the tidal characteristics on each of the 

Gulfs: on the eastern gulf the tides are mainly semi-diurnal whilst on the western gulf 

the tides are mainly diurnal.  The tidal range is also higher along the eastern gulf.   
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Burling et al. (1999; 2003) demonstrated that bottom friction has significant affects in 

the shallower parts of the Bay.  It also corroborated the possibility of residual 

circulation from Naturaliste Channel to Geographe Channel due to southerly winds.  

However, this work was completed using a barotropic simulation, which is not able to 

account for density driven flows.  As there are large density variations in Shark Bay, 

due to high salinities in the southern reaches, simulating the Bay in full baroclinic mode 

is an important contribution that this thesis provides to the existing body of work. 

 

The most recently published work relating to Shark Bay oceanography was a carbonate 

sediment study of the Southwest Australian Shelf (James et al., 1999).  Work found 

sediments outside of Shark Bay to be similar to those of Spencer Gulf, another inverse 

estuary in South Australia.  Examination of sediments from the Rottnest Shelf south of 

Shark Bay to the Ningaloo Reef in the north, found sediments in the mid-ramp (off of 

Shark Bay) to be relatively unique along the shelf, likely a product of downwelling and 

the periodic pulse of saline Shark Bay water. More specifically, it is postulated that the 

efflux of saline water from Shark Bay greatly reduces the diversity of organisms on the 

mid-ramp, as is the case with Spencer Gulf and the adjacent Lincoln Shelf. The study 

further hypothesizes that this outflow Shark Bay water onto the shelf occurs primarily 

in winter months when wind is minimal and Shark Bay waters are cooler than shelf 

waters. This water exits the Bay and flows south along the coast due to the Coriolis 

effect. James et al. (1999) characterizes this region as “ a ‘subtropical starved ramp’ ”, 

with tropical water temperatures but no new carbonate sediment production, a 

phenomenon largely attributed to the presence of saline waters from Shark Bay. 

 

Transects taken inside the Bay by James et al. (1999) found the northern and western 

portions of the bay to be more oceanic in character than the remainder of the Bay. 

Strong horizontal gradients were encountered with vertically well-mixed water with 

high rates of dissolved oxygen. Nutrient content was generally low, which is attributed 

to minimal river input. However, grass and algae were plentiful in hypersaline areas. 

 

James et al. (1999) visualized the Shark Bay outflow based upon field data and 

numerical modeling from Burling et al. (1998) (Figure 2.5) showing saline waters 
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exiting from both channels and turning south to flow in the same direction as the 

Leeuwin Current. James et al. (1999) hypothesized that this outflow is strongest in 

winter, when winds are weak and the Leeuwin Current is strong. Numerical modeling 

presented here provides further visualization of this outflow and its geographical 

structure.  

 

2.0.3 Work on other inverse estuaries 

A variety of research has been undertaken on other inverse estuaries around the world, 

as well as many regions that exhibit water mass formation.  However, Shark Bay is 

unique in that it is a mid-latitude, warm-water inverse estuary.  Only a few similar 

estuaries have been the subject of field studies, and they include the Gulf of St. Vincent 

and Spencer Gulf, both in South Australia, as well as the Upper Gulf of California in 

Mexico.  Work by Lavín et al. (1998) summarizes the fundamental properties of these 

three inverse  estuaries, and is reproduced here with the addition of Shark Bay (Table 

2.1).  Lavín et al. 1998 uses hydrography to examine the development of water masses 

and gravity currents in the Upper Gulf of California.  The Upper Gulf of California 

develops dense water masses, and subsequently gravity currents during neap tides, 

when vertical mixing is at a minimum.  These characteristics disappear during spring 

tides.  Both the Gulf of St. Vincent and Spencer Gulf display similar characteristics.  

Work by Nunes and Lennon (1987) focuses on Spencer Gulf and outlines the 

particularly anomalous tidal patterns there, which result in a severe decrease in tidal 

energy every two weeks.  During these periods of minimal tidal energy and hence 

vertical mixing, Nunes and Lennon (1987) were able to observe the formation of gravity 

currents and their cyclonic motion caused by geostrophic adjustment. 

 

While Lavín et al. (1998) encounters evidence of gravity currents with tidal modulation, 

there are few instances of the high-density water masses recorded outside the Gulf 

itself.  The data used is historical, and reports evidence of two such events occurring in 

the month of March.  While a number of theories are put forward as to why the 

temperature characteristics of March would permit such an event, and other months 

would not, there is no definitive answer. 
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Table 2.1: Comparison of characteristics of Shark Bay, Western Australia; the Upper 
Gulf of California; Spencer Gulf, South Australia and Gulf of St. Vincent, South 
Australia. Data reproduced from Lavín et al. (1998). 
 

 Shark Bay Upper Gulf of 
California 

Spencer Gulf Gulf St. 
Vincent 

Area (km2) 14,000 4,500 19,500 7,000 
Mean depth (m) 15 20 22 25 
Latitude 26˚S 31˚N 32˚S 33˚S 
Evaporation (m y-1) 2-3 1.1 1.0 1.7 
Tidal currents M2 = 0.22 M2 = 0.28 M2 = 0.09 M2 = 0.25 
major semi-axis S2 = 0.09 S2 = 0.21 S2 = 0.10 S2 = 0.27 
(ms-1) K1 = 0.13 K1 = 0.03 K1 = 0.22 K1 = 0.05 
 O1 = 0.07 O1 = 0.02 O1 = 0.11 O1 = 0.04 
Wind (ms-1) Winter 3 Winter 8-12 Winter 3-10 Winter 3-10 
 Summer 10 Summer 2-6 Summer 3-10 Summer 3-9 
Temperature (ºC) Summer 26 Summer 33 Summer 24 Summer 24 
(Head) Winter 17 Winter 8 Winter 12 Winter 13 
Salinity Summer 45-60 Summer 40 Summer 48 Summer 42 
(Head) Winter 40-50 Winter 36 Winter 43 Winter 39 
Density (σt) Summer 30-42 Summer 29.2 Summer 33.0 Summer 28.8 
 (Head) Winter 29-37 Winter 23.5 Winter 33.5 Winter 29.7 
Salinity (Mouth)  36 35.4 33.5 36.5 

y∂∂ρ  (kgm-4) 1.9 x 10-4 2-6 x 10-5 5 x 10-5 4 x 10-5 

  
In all of these estuaries, the fundamental emphasis is on the strength and periodicity of 

vertical mixing events.  While these estuaries have extreme variations in horizontal 

density due to hyper-salinity, their shallowness permits vertically well-mixed 

conditions, which inhibits the formation of gravity currents.  Modulation of this mixing 

during the weakest tidal cycles are generally the only times when gravity currents are 

observed. 

 

2.1.1 Review of Front Prediction Theory  

A simple and widely used method for predicting the location of fronts was proposed by 

Simpson and Hunter (1974).  Their study of the Irish Sea assumed that fronts would be 

located in regions of transition between vertically well-mixed and vertically stratified 

conditions.  For complete mixing to occur, external energy must be provided to increase 

the potential energy of a stratified condition and create a well-mixed state.  This is  
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Figure 2.5. Interpreted outflow of dense, saline water reproduced from 
James et al. (1999).
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called the potential energy anomaly Φ and is discussed by Simpson and Hunter (1974) 

and restated by Simpson (1981): 

 
( )( )�

−

−=Φ
01

h

dzgzz
h

ρρ  (1.1)

 

Where ρ  is the mean density and ρ  is the density integrated over the depth z. 

Acceleration due to gravity is g, and h represents the depth of the water column. The 

anomaly represents the amount of work per unit volume required for complete mixing.  

 

To identify transitional regions, it was necessary to quantify the relative strengths of 

mixing and stratifying influences, which in the case of Simpson and Hunter (1974), was 

driven by tidal motion and surface heating, respectively.  Assuming a steady rate of 

heating, Q, the required rate of tidal mixing to maintain a mixed water column can be 

calculated.  The expression simplifies to two variables, tidal velocity and depth, as 

heating steady and all other factors are constants.  Simplifying the expressions for 

potential energy, the resulting key relationship was becomes: 
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The expression on the right hand side is constant, and so in locations where the left 

hand side equals the right hand side, the system is in balance. This critical value should 

show the contour and location of a front.  On the right hand side the variables are h, 

local depth and u, surface tidal velocity. While Simpson and Hunter (1974) used surface 

velocity as an analog for depth mean velocity, subsequent work with this parameter use 

numerical modeling to generate a depth mean velocity (Simpson, 1981; Argote et al., 

1995).  A critical value of 55 was calculated for August 1972 in the Irish Sea.  A 

logarithmic scale of the parameter was also introduced, and the critical value in that 

case was found to be approximately 2. 

 

Later work by Bowers and Simpson (1987) determined that critical values of around 2.4 

matched the mean locations of fronts around the European shelf seas. Argote et al. 

(1995) applied the parameter to the Gulf of California and arrived at a critical value 
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between 2.75 and 3.0. Argote et al. (1995) proposes that the slightly higher values in the 

Gulf of California may be due to residual circulation. The Upper Gulf of California 

(Lavín et al., 1998), as discussed in section 2.0.3 is an inverse estuary, and there is some 

limited evidence of outflow events from the Upper Gulf, implying that, like Shark Bay, 

the influence of gravitational on stratification and mixing dynamics may be significant. 

 

Other theories for predicting fronts have also been proposed since Simpson and Hunter 

(1974) and Loder and Greenberg (1986) provide a review of some competing theories, 

as well as a thorough discussion of contributions to the original Simpson and Hunter 

(1974) work.  A similar review may be found in Bowers and Simpson (1987) An 

example of a competing theory is Soulsby (1983), who proposes a transition between 

mixed and stratified regions when the bottom (due to tides) Ekman layer and the surface 

(due to wind) Ekman layer converge. 

 

Despite a variety of proposals for front predictions, the Simpson and Hunter (1974) 

model has been the most utilized and expanded since its publication.  Pingree et al. 

(1982) proposed a logarithmic calculation including the drag coefficient with a 

vertically integrated tidal current velocity, and found critical values around 1.5 to 2.  

Subsequently, Nunes Vaz et al. (1989) expanded the original formulation to include 

wind, evaporation, rainfall and gravitational circulation.   

 

Rippeth and Simpson (1996) applied the Nunes Vaz et al. (1989) parameters to the 

Clyde Sea, Scotland, where the location of fronts was determined by direct 

measurement, and used to calculated the relative mixing efficiencies for gravitational 

circulation, wind and tide.  It was determined that the tidal mixing efficiency had to be 

relatively large in order to fit with observation. 

 

A final recent application of this theory was undertaken by Ranasinghe and Pattiaratchi 

(1999) in Wilson Inlet, Australia.  In this case, the parameters proposed by Nunes Vaz 

et al. (1989) were directly calculated using typical values for each parameter.  The 

results were used to determine the relative strengths of the mixing and stratifying 

influences in Wilson Inlet during summer and winter. 
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 2.2.1 Shark Bay Biological Oceanography 

Shark Bay is home to biologically unique species that deserve protection, as well as 

commercially important species that warrant research and study.  The Shark Bay region 

was added to the World Heritage list in 1991.  Among the many reasons for its World 

Heritage status, the primary one was that it includes the largest expanse of seagrass beds 

in the world, which are, in turn, home to one of the world’s largest dugong populations.  

The highly saline Hamelin Pool is also home to extensive beds of stromatolites, which 

are among the world’s oldest remaining life forms.  Another unique and increasingly 

popular location in Shark Bay is Monkey Mia, one of the few known spots where wild 

dolphins come to shore and interact with humans. 

 

Major commercial fishing interests in the bay include the Shark Bay prawn fishery, 

Shark Bay scallop fishery, and Shark Bay snapper fishery.  There is also a substantial 

recreational snapper fishery, which is addressed in the thesis and will be discussed in 

the following section.  The primary research relating to the commercial fisheries in 

Shark Bay is undertaken by Fisheries Western Australia, who ranks all three fisheries as 

‘fully exploited’. 

 

The primary focus of work on these species has been examination of factors influencing 

recruitment.  The Leeuwin Current is the major hydrodynamic feature offshore of the 

region, and the strength varies annually in relation to El Niño/Southern Oscillation 

(ENSO) events, as previously discussed.  Caputi et al. (1996) reviewed many of the 

findings and determined that the relative abundance of invertebrates relative to finfish 

along the western coast of Australia is related to the warm, low-nutrient Leeuwin 

Current.  The strength of the current correlates to increased recruitment in western rock 

lobster and whitebait, but negative recruitment for scallops and pilchards.  The 

relationship of recruitment levels to the strength of the Leeuwin Current has been the 

primary focus of research on commercial marine species in the area. 

 

The species of specific interest in this thesis is snapper, Pagrus auratus (Sparidae, 

referred to locally as pink snapper), and while among the important species targeted by 
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fishing, and subject of extensive research, snapper recruitment has not been correlated 

to Leeuwin Current variation.  This is likely due to the predominance of the species in 

the two gulfs of Shark Bay, which are more isolated than the northern reach where 

species such as scallops are found. 

 

2.2.2 Previous Snapper Research 

Snapper support both a commercial fishery as well as a large, and still growing 

recreational fishery in Shark Bay.  The majority of work on snapper has focused on 

genetics studies, with the goal of defining stock structure in Shark Bay.  Shark Bay is 

the largest marine embayment in Australia, and snapper are found in relatively specific 

areas spread throughout the region.  Genetic studies have found evidence of separate 

breeding populations in waters adjacent to Naturaliste Channel, in the eastern gulf and 

in Freycinet Estuary (Johnson et al., 1986; Whitaker and Johnson, 1998; Baudains, 

1999).  However, genetic studies that have been conducted also detect environmental 

variations, and with the large variations in salinity throughout Shark Bay, it remains to 

be definitively shown that the stocks are fundamentally genetically different. 

 

In addition to genetic studies, work has been done tagging adult snapper, studies of 

otolith (found in the inner ear of invertebrates) trace elements have been undertaken as 

well as morphometrics work.  All work has dealt with adult snapper, and results have 

corroborated original findings that there is no mixing between the three groups of 

snapper. 

 

Since 1997, icthyoplankton surveys have been conducted to collect snapper larvae, and 

the data has been used to estimate stock size as well as geographical structure.  Snapper 

are known to return to the same spawning sites year after year, with each group in Shark 

Bay gathering to spawn during different periods of the winter season. 

 

2.3.1 Contributions of this Thesis to the current body of work 

This literature review has covered six main topics, with four relating specifically to 

Shark Bay and two addressing general oceanography themes relating to the research 

presented here. The Shark Bay topics covered major physical and biological aspects of 
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the Bay, and then explored previous studies of these aspects, including the tidal regime, 

sediments, the Leeuwin Current and specific marine species including pink snapper. 

The general oceanographic themes included a review of work in other inverse estuaries, 

focusing on two other Australian estuaries and the Gulf of California. The second 

general review topic was of the development and application of a parameter used to 

locate frontal systems in estuaries and coastal seas. 

 

This thesis contributes to the general understanding of Shark Bay in a few specific 

ways. First, it greatly expands the understanding of the relationship between 

hydrodynamic forcing and the spawning and movement of pink snapper populations. 

While many species have been studied in the context of Shark Bay’s physical 

oceanography, this is the first to use fine scale modeling to simulate the passive 

behavior of a species. Secondly, this thesis addresses the question of fronts in Shark 

Bay, which has not been an area of focus in previous projects, with the implicit 

assumption that the major fronts are at the Bay openings. The work here illustrates that 

internal frontal systems have an important role in the physical oceanography of the Bay. 

 

The work also contributes to general oceanographic study by applying parameters used 

throughout the world, including the European shelf, Mexico, and Australia to the Shark 

Bay region. Shark Bay is a major feature of the Western Australian shelf, and it is 

important in the exploration of inverse estuaries and their behavior. The work here puts 

Shark Bay in an international context by relating it to other inverse estuaries and 

characterizing its frontal systems using parameters applied to both traditional and 

inverse systems. By applying internationally used standards for the calculation of 

critical frontal system parameters, this work makes Shark Bay available as a case study 

for further refinement of these parameters and standards. 
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CHAPTER 3 – Larvae Dispersal* 
 

3.1 INTRODUCTION 

Across their geographic range, many marine species are divided into reproductively 

isolated, self-recruiting populations. Understanding the population structure of 

exploited species and the spatial distribution of individual harvested stocks is 

fundamental to stock assessment and the implementation of effective fisheries 

management (Ryman and Utter, 1987; Clark, 1990; Begg et al., 1999). Critical here, is 

the degree of connectedness between local populations, i.e. whether they are primarily 

sustained by recruitment from local production (and therefore relatively closed) or 

substantially from external sources (and therefore relatively open) (Warner and Cowen, 

2002). Because many marine fish species have bipartite life cycles, the distribution of 

individual stocks is determined by the dispersal of eggs and larvae, and the vagility of 

the post-settlement stages (Harden Jones, 1968; Sinclair, 1988; Bakun, 1996; Bradbury 

and Snelgrove, 2001). There is mounting evidence that some larvae use a range of 

behaviours in response to oceanographic conditions that can influence their dispersal 

(Bakun, 1996; Jenkins et al., 1999; Kingsford et al., 2002; Sponaugle et al., 2002). 

However, it is likely that for many species, dispersal of eggs and younger larvae is 

essentially passive (Okubo, 1994; Bradbury and Snelgrove, 2001). The spatiotemporal 

distribution of these earliest stages therefore depends upon local hydrodynamic 

processes at the time and place of spawning and initial development (Alvarez et al., 

2001). 

 

For marine fishes with pelagic formative stages, widespread hydrodynamic dispersal 

can result in genetic homogeneity over large geographic distances (Bagley et al., 1999; 

Dudgeon et al., 2000; Kloppmann et al., 2001). However, hydrodynamic retention of 

eggs and larvae, particularly in combination with spawning site fidelity, may provide 

barriers to gene flow that help explain stock structure amongst populations existing in 

apparently ‘open’ environments (Bailey et al., 1997; Ruzzante et al., 1999; Stepien et 

al., 2000; Pogson et al., 2001; Skogen et al., 2001; Gold and Turner, 2002; Smedbol et 

                                                 
* Published in Marine Ecology Progress Series as “Hydrodynamic modelling of snapper Pagrus auratus 
egg and larval dispersal in Shark Bay, Western Australia: reproductive isolation at a fine spatial scale” 
by Nahas E.L., Jackson G., Pattiaratchi C.B., Ivey G.N. (2003) Vol 265:213-226. 
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al., 2002). Some knowledge of the hydrodynamics of the water body inhabited during 

the planktonic pre-settlement stages can provide useful insights into population 

structure, the geographic distribution of individual stocks, and recruitment dynamics of 

marine species. 

 

Because of the logistical difficulties in determining dispersal directly, numerical 

modelling has become an important tool for understanding how hydrodynamic 

processes influence the transport of marine ichthyoplankton (Bartsch and Coombs, 

1997; Jenkins et al., 1997; 1999; 2000; van der Veer et al., 1998; Cowen et al., 2000; 

Fowler et al., 2000). Selection of an adequate model requires prior knowledge of the 

local hydrodynamics and behaviour of the species under study. Both 2- and 3-

dimensional schemes have been successfully used to model the dispersal of passive 

particles in marine systems. Advection of King George whiting Sillaginodes punctata 

larvae in South Australia and Victoria, Australia, was modelled in 3 dimensions, 

assuming random vertical distribution (Fowler et al., 2000; Jenkins et al., 2000), while 

modelling of phyto and zooplankton in Chesapeake Bay, US, used a 2-dimensional 

approach (Hood et al., 1999). If currents act uniformly throughout the water column, no 

vertical movement of planktonic organisms will significantly influence their horizontal 

transport. Conversely, marked differences between surface currents and those at depth 

can affect their horizontal movement, e.g. within coastal plumes (Roman and Boicourt, 

1999) or in conditions of strong Ekman transport (Hinrichsen et al. 2001), both of 

which would require resolution of the vertical motion. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Study area  

Shark Bay is a large, semi-enclosed embayment, covering approximately 14,000 km2, 

on the central coast of Western Australia (Figure 3.1). The region received World 

Heritage status in 1991, principally for the high conservation values of its marine 

environment. The Bay is comprised of more open, deeper waters to the north, and 

shallower, Eastern and Western gulfs to the south (‘Eastern Gulf’ and ‘Western Gulf’ 

are not officially recognised place names, but are commonly used to refer to the 

collective waters on either side of the Peron Peninsula). Located on an arid coastline  
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with minimal terrestrial runoff, the region experiences levels of evaporation greater 

than rainfall (Logan and Cebulski, 1970). Salinities inside Shark Bay are consistently 

above oceanic levels, and in the innermost reaches regularly exceed 60 (Logan and 

Cebulski, 1970; Burling et al., 1999). These reaches, at the southern head of the Eastern 

and Western gulfs (Figure 3.1) are Hamelin Pool and Freycinet Estuary, respectively. 

Hamelin Pool exhibits higher salinities than the Freycinet Estuary, due to the effect of 

Faure Sill (Figure 3.1), the general shallowness of its waters, and its geographic 

isolation from deeper waters to the north. These highly saline reaches cause a gravity-

driven, bottom flow of more dense water northwards out of the gulfs. Tidal mixing 

creates a state of equilibrium between the mixed and stratified regions of the Bay, the 

transitions between which constitute density fronts (Logan and Cebulski, 1970; Smith 

and Atkinson, 1983; Burling et al., 1999). The 2 primary fronts, a semi-circular 

intrusion around Naturaliste Channel and a transition running southwest to northeast 

from Denham Sound to Carnarvon, effectively divide Shark Bay into its deeper 

northern and shallower southern sections. Satellite sea-surface temperature (SST) 

images indicate that the system has remained stable for more than 3 decades. 

 

The physical and biological oceanography of waters offshore from Shark Bay is 

dominated by the Leeuwin Current, a major eastern boundary current, that flows 

southwards off the West coast of Australia (Lenanton et al., 1991). Recruitment to 

many commercially important Western Australian fisheries is affected by interannual 

variations in current strength and water temperature (Lenanton et al., 1991; Caputi et 

al., 1996) resulting mainly from El Niño/Southern Oscillation (ENSO) fluctuations 

(Pearce and Phillips, 1988; 1994). Shark Bay also experiences large seasonal variations 

in wind strength and direction. Strong southerly winds (averaging 10 m s-1) dominate 

during the austral summer (December to February), while weaker (averaging 3 m s-1) 

and more variable winds (usually SSE) occur during winter (June to August). Logan 

and Cebulski (1970) and Burling et al. (1999, 2003) have provided details of the 

region’s marine environment. 
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3.2.2 Study species  

Snapper Pagrus auratus (Sparidae; known locally in Western Australia as ‘pink 

snapper’ but referred to here simply as snapper, synonymous with Chrysophrys 

unicolor, C. auratus, and P. major), is a long-lived, demersal species found throughout 

the warm temperate waters of Australia, New Zealand and Japan (Kailola et al., 1993). 

In Shark Bay, the species has been the basis of an important commercial fishery since 

the early 1900s (Moran and Jenke, 1989) and, in more recent decades, a major 

recreational fishery. Results of multidisciplinary research carried out over a period of 

more than 20 yr suggest that the snapper population structure in the region is unusually 

complex at a fine spatial scale, particularly within the gulfs. From the results of 

allozyme-based genetics studies (Johnson et al., 1986; Whitaker and Johnson, 1998; 

Baudains, 1999), it has been inferred that snapper in oceanic waters adjacent to Shark 

Bay, in the eastern gulf and in the Freycinet Estuary represent separate breeding 

populations, while fish in Denham Sound may be partially isolated. Whether these 

represent different stocks sensu stricto remains unresolved, given that interpretation of 

allozyme data requires some caution (Ward, 2000; Hellberg et al., 2002) because (1) 

environmental selection has been recorded for snapper elsewhere (Smith, 1979), and 

(2) observed differences in alleles may only reflect local environmental gradients 

(clines). However, evidence for the existence of closely adjacent but separate 

populations is available from numerous related studies. Tagging (Moran et al., in 

press), otolith trace elements and stable isotopes (Edmonds et al., 1989; 1999; Bastow 

et al., 2002), morphometrics (Moran et al., 1998) and lifehistory parameters, indicate 

little or no mixing between oceanic and gulf snapper nor between the 2 gulfs. 

Substantial spawning-site fidelity has been found both in oceanic and gulf waters 

(Moran et al., in press). The existing paradigm is that a number of proximate 

populations inhabit the gulfs each resident within discrete areas, in some cases 

separated by only tens of kilometres. Current management recognizes discrete snapper 

stocks in (1) oceanic waters adjacent to Shark Bay, (2) the eastern gulf, (3) Denham 

Sound, and (4) the Freycinet Estuary. Oceanic snapper are the basis of an important 

commercial hook-and-line fishery, while snapper inhabiting the gulfs are the main 

target species for the region’s important recreational fishery. 
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Snapper are batch-spawners (Crossland, 1977; Scott and Pankhurst, 1992). In Shark 

Bay, they form spawning aggregations over an extended period from late autumn 

(April to May) through to early spring (September to October), with most spawning 

taking place during winter (June to August). Snapper in oceanic waters and in the 

northern waters of both the eastern (off Cape Peron and Monkey Mia) and western 

(Denham Sound) gulfs generally spawn 1 to 2 mo earlier than fish in the Freycinet 

Estuary. Spawning is highly localised, and in the gulfs principally occurs at the same 

key spawning sites each year (Jackson and Cheng, 2001). Spawning mostly takes place 

between midday and early evening, ca. 3 to 5 m below the surface in waters of 10 to 14 

m average depth. Snapper eggs, which are positively buoyant immediately 

postfertilisation, become more neutrally buoyant during development (Kitajima et al., 

1993). The egg incubation period is influenced by environmental conditions, 

particularly water temperature, with eggs estimated to hatch after ca. 20 to 30 h in gulf 

waters (Norriss and Jackson, 2002). A pelagic larval period of approximately 20 to 25 d 

(based on daily otolith increments, N. Tapp, pers. comm.) occurs prior to 

metamorphosis, settlement, and commencement of the demersal juvenile phase. 

  

The genetic and phenotypic evidence for the existence of several reproductively 

isolated populations of snapper in Shark Bay has resulted from studies involving 

mainly sub-adults and adults, i.e. fish older than 2 or 3 y. The potential for any mixing 

between these putative populations via the hydrodynamic dispersal of eggs and larvae 

originating from proximate (but possibly separate) spawning populations/natal areas 

has not previously been studied. Hydrodynamic retention of the ichthyoplankton in the 

vicinity of the main spawning areas would provide a mechanism that would preclude 

mixing between adjacent populations prior to settlement. The objective here was to test 

the hypothesis that eggs and larvae were retained in close proximity to the main 

snapper spawning grounds in each gulf. Using ichthyoplankton data collected between 

1997 and 2000, we quantified a number of discrete egg and larval distributions that 

were taken to represent the main snapper spawning grounds. We then examined these 

distributions for any spatial overlap over the planktonic development period to test the 

null hypothesis of no connectivity between the spawning populations/natal areas. 

Hydrodynamic conditions and the consequent dispersal of planktonic particles were 
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simulated using numerical modelling, to provide some explanation for the observed 

patterns in egg/ larval distributions and to determine the degree of connectivity between 

the spawning populations. 

 

3.2.3 Ichthyoplankton surveys  

Surveys were undertaken in both gulfs during winter (June to August) each year 

between 1997 and 2000, principally to facilitate the estimation of snapper egg 

production for stock assessment purposes (Jackson and Cheng, 2001). Sampling from 8 

and 9 m research vessels employed double-oblique tows of a bongo-net (each net 

mouth 60 cm in diameter, net mesh 500 µm) during the daytime at pre-determined 

locations in a grid-like pattern. A General Oceanics flowmeter was fitted in the mouth 

of one net to measure the volume of water sampled at each tow location. 

Ichthyoplankton samples were fixed at sea in 5% buffered formaldehyde.  

 

Samples collected each year were subsequently sorted in the laboratory, when snapper 

eggs were identified, counted and classified into development stages based on their 

internal morphology (Norriss and Jackson, 2002). Eggs were attributed a median age 

(hours) based on their stage and empirical relationships between egg development time, 

water temperature and salinity (Norriss and Jackson, 2002). For samples collected in 

2000 only, snapper larvae were identified and counted with reference to published 

descriptions (Cassie, 1956; Neira et al., 1998). Ichthyoplankton abundances were 

corrected for the volume of water filtered and expressed as number of individuals 100 

m-3. 

 

The geographic distributions of snapper eggs and larvae (samples in 2000 only) were 

summarised by mapping their centroids of distribution under the assumption that the 

data followed bivariate normal distributions in latitude and longitude. Centroids and the 

respective variance-covariance matrices (Kendall and Picquelle, 1990) were computed 

for; (1) eggs <2 h old, (2) eggs >24 h old and (3) all larvae. Ellipsoids were drawn 

around each centroid to represent the 95% confidence intervals from the rotated axes. 

Spatial displacement and directional movement of the centroids was estimated using 

the ‘ribbons formulae’ (National Mapping Council of Australia, 1972; Cheng and 
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Chubb, 1998). Hotelling’s T2 test (Seber, 1983) was used to test for centroid 

movement, assuming unequal dispersion matrices. 

 

3.2.4 Hydrodynamic surveys 

A conductivity-temperature-density (CTD) probe was employed during the 

ichthyoplankton surveys conducted in 2000 (for a description of the probe and sensors 

see Fodzar et al., 1985). The CTD was deployed vertically and recorded data at a rate 

of 1 Hz as it descended at 1 m s-1 to the sea floor. Deployments of the CTD were 

completed at a subset of the ichthyoplankton survey sites in the eastern gulf, in 

Denham Sound, and at additional locations in the western gulf (Figure 3.2). Additional 

CTD data for these waters were obtained from previous hydrodynamic surveys in 1995. 

Salinity was calculated using the practical salinity scale 1978 (PSS78) (Lewis, 1980; 

Pickard and Emery, 1990). 

 
 

3.2.5 Numerical modelling 

Snapper eggs and larvae were considered as passive particles distributed within the 

surface layer. This simplified 2-dimensional approach was deemed appropriate as CTD 

casts indicated homogeneity throughout the water column, implying a uniform flow 
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Figure 3.2. CTD transects completed during ichthyoplankton surveys conducted in June-July 2000.
Transects labeled are those used in the T-S diagram.  Crosses represent locations of CTD casts.
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regime across all depths. Note that the effect of wind will alter these conditions, 

resulting in higher velocities at the surface; however, the modelled particles will be 

subject to such winds, as they are simulated in the surface layer, and therefore the 

results will accurately reflect the affect of wind on the surface. 

 

Particle-tracking was based on a simple Lagrangian framework with displacements 

driven by the following equations: 

 
'uU

dt
dx +=

 
(3.1) 

 
'vV

dt
dy +=

 
(3.2) 

 

where U and V represent the corresponding x and y advective velocities. Similarly, u’ 

and v’ represent turbulent velocity fluctuations in x and y.  

 

Advective velocities were generated using the ‘Hamburg Shelf ocean model’ 

(HAMSOM) in barotropic mode. HAMSOM is a 3-dimensional primitive equation 

model initially developed by Backhaus (1985) for simulations of the North Sea, and 

uses semi-implicit and finite-difference schemes (Backhaus, 1985; Stronach et al., 

1993). HAMSOM has been successfully applied to coastal and estuarine systems 

worldwide (Backhaus, 1985; Stronach et al., 1993; Pattiaratchi et al., 1996; van der 

Veer et al., 1998; Ranasinghe and Pattiaratchi, 1999), and was modified for Shark Bay 

by Burling et al. (2003). 

 

HAMSOM assumes hydrostatic pressure and the Boussinesq approximation. 

Hydrostatic pressure assumes that pressure at a given depth is only a function of 

atmospheric pressure and the depth of the water above that point. The Boussinesq 

approximation further assumes that changes in inertia, as caused by density variations, 

are small and could be neglected. HAMSOM also uses a kinematic boundary condition 

at the surface and a quadratic stress condition at the bottom. Tidal forcing was 

simulated by changing surface elevations along model boundaries and wind data were 

applied across the entire model grid. The Leeuwin Current was introduced as an inflow 

from the northern boundary. Inputs to the model included M2, S2, K1 and O1 tidal 
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components (lunar semi diurnal, solar semi diurnal, lunisolar diurnal and lunar diurnal, 

respectively), wind data, and a southerly flowing Leeuwin Current of 0.1 m s-1 (Burling 

et al., 2003). Other parameters included a standard bottom-friction factor of 0.0025 

(Pugh and Vassie, 1976) and a Coriolis factor of 6.3 × 10-5 s-1. The Coriolis factor is 

used to determine the Coriolis acceleration of any moving object and is a set function 

of the angular velocity of the earth and the local latitude. The model grid was 160 × 94 

× 10, with a 2 km-square horizontal resolution and a variable vertical resolution of 10 

layers. The model time step was 1 min and velocities were output at hourly intervals. 

 

Turbulent velocities u’ and v’ were generated using a random-walk technique with a 

normally distributed, random perturbation, ‘r’, scaled by the magnitude of the diffusive 

velocity. Velocity was then calculated using the relationship 

 
2
1

',' 






=
dt
Kruv

 
(3.3) 

 

where K is the horizontal diffusivity (m2 s-1) and dt is the calculation time step.  

 

The horizontal diffusivity, used both for turbulent velocity computations as well as 

HAMSOM input, was calculated using the results of Okubo (1974), whose findings 

have been verified by the field studies of Murthy (1976) and Lawrence et al. (1995). 

Horizontal diffusivity was calculated as a function of length scale: 

 ( ) 33.141.1 LeK −=  (3.4) 

where L is the minimum grid resolution of 2 km, which results in a K of 2.7 m2 s-1. 

This formulation of horizontal diffusivity simulates the forcing mechanisms that 

operate on smaller, unresolved time and length (<2 km) scales.  

 

Using the numerical framework described, 7 different hydrodynamic scenarios were 

simulated, each with a 30 d run time. A single particle was released from 4 separate 

release points each hour during the simulations to allow for temporal variation in tidal 

conditions. The locations of these release points were taken to represent the 

approximate centres of the 4 principal snapper spawning areas in the gulfs, each of 

which contained a number of individual snapper spawning sites. The locations of these  
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Figure 3.3. Model domain for particle tracking as determined by locations at 
which highest densities of eggs less than 2 hr old were collected during 
surveys conducted 1997-2000.  Hatched lines define the four principal snapper 
spawning areas referred to in the text a) Cape Peron, b) Monkey Mia, 
c) Denham Sound and d) Freycinet Estuary.  Particle release points were 
located within each of these four areas.
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were determined by the higher densities (>50 eggs 100 m-3) of the youngest eggs (i.e. 

<2 h old) collected from ichthyoplankton surveys between 1997 and 2000 (Figure 3.3). 

The spawning areas are referred to as Cape Peron, Monkey Mia, Denham Sound and 

Freycinet Estuary (a, b, c, d, respectively, in Figure 3.3). Although the focus of this 

study was the gulf spawning populations, an important spawning area for the oceanic 

stock is known to exist at the northern end of Dirk Hartog Island in the Naturaliste 

Channel (see ‘Results’). 

 

Forcing inputs to the model included actual and idealised conditions (Table 3.1). The 

first 3 simulations isolated the major hydrodynamic forces, including idealised wind 

conditions, for a controlled comparison. The remaining simulations included all the 

major hydrodynamic forces and observed wind data for Denham. In 3 model runs, we 

used data typical for months when the ichthyoplankton surveys were carried out, i.e. 

June, July and August, while in the fourth run we used data typical for January for 

seasonal comparison (Table 3.1). Wind data from the Carnarvon meteorological station 

were used, as data from Denham were consistently lower in magnitude, probably due to 

sheltering effects of the local topography. Comparisons of wind rosettes (data not 

shown) for the period 1997 to 2000 showed good monthly correlation between years. 

 

Table 3.1: Summary of Model Runs.  All simulations include tidal forcing, additional 
forcing from the Leeuwin Current and wind are outlined here. 
 

Model Run Leeuwin Current Wind 
t06 - - 
lc07 0.10 m s-1 - 
w05 0.10 m s-1 5 m s-1 southerly 

jun08 0.10 m s-1 June 1998 data 
jul09 0.10 m s-1 July 1999 data 
aug10 0.10 m s-1 August 2000 data 
run11 0.10 m s-1 January 2000 data 

 
 

3.3 RESULTS 

3.3.1 Ichthyoplankton surveys 

Although only the results from 2000 are presented here, the patterns of egg and larval 

distributions were similar to those found in previous years (1997 to 1999). In 2000, a 
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total of 305 plankton tows were carried out between June and August across the gulfs 

(Figure 3.4). The highest densities of the youngest eggs were in close proximity to the 

known spawning sites, the locations of which were confirmed in most cases by the 

concomitant capture of spawning snapper. These spawning sites were located (Figure 

3.4) within the 4 broad spawning areas (see ‘Materials and methods – Numerical 

modelling’), i.e. off Cape Peron, northeast of Monkey Mia, in Denham Sound, and in 

the Freycinet Estuary. Older eggs and larvae were still found within these broad 

spawning areas, but had to some extent dispersed away from the actual spawning sites. 

Concentrations of eggs and larvae were found off the northern tip of Dirk Hartog 

Island, known to be an important spawning area for oceanic snapper that is regularly 

targeted by commercial operators (Moran et al., 1998). This clearly indicated some 

overlap in the distribution of eggs and larvae derived from the oceanic and Denham 

Sound spawning populations. 

 

Table 3.2 Distance and direction of movement of centroids representing each spawning 
area. Hotelling’s T2 –test statistics in bold are significant (p < 0.05). 
 
Spawning 
area Age

Eggs > 24 h Larvae Eggs > 24 h Larvae Eggs > 24 h Larvae

Cape Eggs < 2 h 12.44 12.72 231 227 0.00 0.00
Peron Eggs > 24 h 0.97 151 0.15

Monkey Eggs < 2 h 4.89 2.65 284 136 0.00 0.00
Mia Eggs > 24 h 7.25 114 0.00

Denham Eggs < 2 h 4.51 6.50 106 356 0.00 0.00
Sound Eggs > 24 h 9.16 326 0.00

Freycinet Eggs < 2 h 3.53 4.18 159 190 0.00 0.00
Estuary Eggs > 24 h 1.96 248 0.00

Distance moved by 
centroid (km)

Direction of movement 
(deg) T2 statistic

 

The centroids of distribution representing the 4 main spawning areas all showed 

statistically significant movement with increasing development of the eggs/larvae 

(Table 3.2), with the exception of older eggs and larvae in the spawning area off Cape 

Peron. However, given that the distances moved by each centroid were mostly less than 

10 km, the results were interpreted as biologically insignificant in the context of this 

study. The null hypothesis of no spatial connectivity between the main spawning areas  
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Figure 3.4. Snapper egg and larval distributions from ichthyoplankton surveys 
conducted during 2000, (A) eggs less than 2 hr old, (B) eggs more than 24 hr 
old, (C) all larvae. Units are numbers per 100 m3.
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was therefore accepted with the exception of the spawning grounds in Denham Sound 

and oceanic waters in the Naturaliste Channel, where there seems to be some spatial 

overlap. 

 

3.3.2 Hydrodynamic surveys 

The marked differences in water temperature and salinity characteristics between the 4 

areas clearly showed that Shark Bay contained a number of separate water masses 

(Figure 3.5). Hydrodynamic surveys were not conducted in the Freycinet Estuary in 

2000; conditions found along the most southerly transects in Denham Sound (Figure 

3.2) were assumed to be representative of those further south. Overall, the system 

exhibited differences in temperature of almost 6°C and salinity of more than 6. In the 

western gulf, Denham Sound and Freycinet Estuary data were collected approximately 

35 km apart and showed a difference in temperature of almost 6°C, and in salinity of 

almost 5. In the eastern gulf, Cape Peron and Monkey Mia sites were approximately 30 

km apart and exhibited similar temperatures but a salinity difference of 4. 

 

Waters were generally vertically mixed, with some stratification apparent in the 

northern region of the western gulf in the vicinity of the Naturaliste Channel frontal 

system. Conditions in the gulfs were probably dominated by diffusive-mixing 

processes such as those known to occur across Faure Sill (Burling et al., 1999). This 

implies that, irrespective of where snapper eggs and larvae were distributed within the 

water column, they would be subject to the same hydrodynamics and therefore similar 

advection. Thus, the 2-dimensional model used here adequately represented the local 

hydrodynamic conditions. 

 

3.3.3 Numerical modelling 

3.3.3.1 Surface residual flows 

The predicted residual currents were initially analysed at the local scale in the areas of 

higher egg and larval abundance. For tide-only runs, 30 d tidal residual velocity plots 

were overlaid with ichthyoplankton data to relate velocity structure to the observed 

patterns of egg and larval distributions. A series of circulatory flows with stagnant 
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cores (eddies), probably reflecting the influence of the complex local topography, were 

identified in all 4 areas of interest. 

 

Around Cape Peron there was strong flow convergence, accelerated by the topography, 

with water moving northwards out of each gulf either side of the Peron Peninsula 

(Figure 3.6A). North of the Cape, the residual flow decreased and separated into an 

eastern eddy and a northwestern current. The model results indicate that eggs and 

larvae are advected from the eastern gulf, northwards through a convergent zone, 

towards a stagnant eastern region, with the possible loss of some eggs and larvae to 

waters to the northwest under certain conditions. In the Monkey Mia region (Figure 

3.6B), the southerly portion of the same velocity path initially headed westwards and 

then turned northwards towards Cape Peron, representing a possible hydrodynamic link 

between the 2 areas. With maximal residual velocities of ~5 cm s-1, passive advection 

from Monkey Mia to Cape Peron (approximately 50 km apart) via this pathway would 

take a minimum of 12 d. To the southeast, flow accelerated across Faure Sill, diverged 

around Faure Island, and converged again to form the main eddy in the Monkey Mia 

region. 

 

In the western gulf, in Denham Sound, eggs and larvae were concentrated in the 

modelled regions of peripheral, high-velocity flow (Figure 3.6C). Material originating 

in the southeast would be moved northwest via 2 counter-rotating systems before 

slowing at the northern margin of an eddy. The Freycinet Estuary likewise contained a 

circular flow encompassing the locations of higher egg and larval abundance (Figure 

3.6D). However, velocities were generally low, suggesting that the entire southern 

section of the western gulf was mostly free of residual transport. 

 

Hydrodynamic processes on a broader scale were examined using residual current plots 

of the entire Shark Bay system. The tide-only run (Figure 3.7A) showed low residual 

flows in gulf waters to the south and stronger flows through the Naturaliste Channel, 

along the inside of Bernier and Dorre Islands, and off Cape Peron. Addition of the 

Leeuwin Current (Figure 3.7B) appeared to have minimal effect in the gulfs, although 

it did dampen residual flows in northern waters, possibly providing a retention  
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Figure 3.6. Modeled surface residual currents plotted with surveyed high egg 
concentration locations indicated by black circles.  Fine-scale plots focus on 
the four principal regions: (A) Cape Peron, (B) Monkey Mia, (C) Denham Sound 
and (D) Freycinet Estuary.
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Figure 3.6. Modeled surface residual currents plotted with surveyed high egg 
concentration locations indicated by black circles.  Fine-scale plots focus on 
the four principal regions: (A) Cape Peron, (B) Monkey Mia, (C) Denham Sound 
and (D) Freycinet Estuary.
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mechanism for eggs and larvae north of Cape Peron. This dampening effect was 

moderated by the addition of a southerly wind that altered conditions in northern Shark 

Bay from tidally-driven to wind-driven (Figure 3.7C). Gulf conditions were only 

minimally altered by wind although flow velocities increased along the shores of both 

Hamelin Pool and the Freycinet Estuary. This opened possible advection pathways 

between Hamelin Pool and north of Cape Peron. Water in Denham Sound also 

appeared to flow northwards along the eastern shore, again indicating possible wind-

driven connectivity with Cape Peron. Overall, the hydrodynamic systems in both gulfs 

were tidally-dominated. 

 

3.3.3.2 Particle tracking 

Particles released in each of the simulations verified the behaviour predicted by the 

surface residual currents. Under run conditions of tide-only, particles in all areas except 

Cape Peron remained inside the localized areas of cyclic residual flow (Figure 3.8A). 

Although some particles released at Cape Peron were entrained in an eddy to the east, 

they were not retained to the same extent as particles released in the gulfs (Figure 

3.8B). Introduction of the Leeuwin Current had very little influence on particles in the 

regions of Monkey Mia, Denham Sound, and the Freycinet Estuary (Figure 3.8C). 

However, it dampened the northerly residuals off Cape Peron, with the same 

propagation into the eastern eddy, but greatly decreased advection northwards.  

 

A constant 5 m s-1 wind from the south advected particles from Denham Sound up the 

eastern shore via a northerly-flowing path (Figure 3.8D). The Freycinet Estuary 

remained isolated despite an increase in local velocities. Particles from Monkey Mia 

were advected further eastwards, but did not reach the northerly flow along the eastern 

shore as in the residual plot. 

 

Model runs using observed wind data showed the same retention patterns as the generic 

model. Throughout the winter (June to August), the 4 particle release locations in the 

gulfs exhibited very little interaction with northern Shark Bay (Figure 3.9A–C). Cape 

Peron particles responded to the dampening effect of the Leeuwin Current in June and 

July but, with increased winds in August, moved northwards into the high residual  



3.3 RESULTS 

 38 

 

 

 

 

 

 

 

0.05 m/sA 0.05 m/sB

0.05 m/sC

Figure 3.7. Modeled surface residual currents for whole of Shark Bay under 
varying hydrodynamic conditions.  (A) shows residuals from model run 
including only tidal forcing (run t06), also includes locations of highest densities 
of young eggs.  (B) shows residuals from the model run including both tide and 
Leeuwin Current (lc07) and (C) shows residuals from run including all forces 
combined (w05).
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Figure 3.8. Particle tracking results from a model run of 30 days duration.  
Open circles indicate particle release points.  One particle was released 
from each point at every hour of the model run.  (A) model results from the 
tide-only run (t06) in areas where youngest eggs found.  (B) same model run 
with particles released farther north in higher residual flow paths.  (C) same 
release points as A, but the model run includes the Leeuwin Current (lc07). 
(D) same release points again but uses the model run including tide, Leeuwin 
Current and wind (w05).
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regions to the east of Bernier and Dorre Islands (Figure 3.9C). Similarly, in June and 

July a clockwise eddy was maintained in Denham Sound, while in August the increased 

wind caused some entrainment along the eastern shoreline, advecting particles towards 

Cape Peron. During summer (January), particles from each location followed the 

advection pathways seen in the residual-current plots (Figure 3.6), with the exception 

of Freycinet Estuary which again remained isolated. 

 

3.4 DISCUSSION 

This study investigated the potential for hydrodynamic dispersal of snapper eggs and 

larvae in the Gulfs of Shark Bay to provide some insight into local snapper population 

dynamics during the early life history stages prior to settlement. Low levels of mixing 

between apparently separate snapper populations living in adjacent waters bodies have 

been inferred from previous genetic and phenotypic studies (Johnson et al., 1986; 

Edmonds et al., 1989; 1999; Moran et al., 1998; in press; Whitaker and Johnson, 1998; 

Baudains, 1999; Bastow et al., 2002), mainly involving sub-adult and adults. Although 

direct measures of larval dispersal do not necessarily indicate successful mixing 

between populations (Bailey et al., 1997), highly localized retention of eggs and larvae 

originating from discrete natal areas would support the prevailing hypothesis that 

several reproductively isolated populations exist in these waters. Whether or not these 

represent different genetic stocks remains unclear; an important question from the 

management perspective is whether these proximate populations are self-recruiting or 

sustained by external production. 

 

Ichthyoplankton surveys conducted during the winter spawning season over a 4 yr 

period consistently found the highest densities of the youngest snapper eggs within 

several well-defined spawning areas. Within each of these, which were assumed to 

represent the spawning grounds of separate breeding populations, those sites at which 

eggs less than 2 h old were collected in higher abundance were taken to represent 

individual spawning sites, on the basis that the eggs had not been transported any great 

distance. With the exception of the spawning grounds in Denham Sound and oceanic 

waters in the Naturaliste Channel, where there is likely to be some spatial overlap, no 

connectivity was found between spawning areas. This implies that the Cape Peron,  
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Figure 3.9. More particle tracking results with different forcing conditions, 
(A) incorporates wind data from June 1998, (B) from July 1999, (C) from 
August 2000 and (D) from January 2000.
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Monkey Mia and Freycinet populations are reproductively isolated and probably self-

recruiting, while the Denham Sound population is less so. 

 

Hydrodynamic surveys found the waters in the vicinity of the 4 spawning areas to 

possess unique temperature–salinity signatures, identifying distinct water masses and 

implying minimal horizontal mixing. Previous studies identified tide as the primary 

transport mechanism in the Shark Bay gulfs (Logan and Cebulski, 1970; Burling et al., 

2003). Our modelling corroborates this and suggests that tidal flows interact with local 

topography (Zimmerman, 1978; Wolanski and Hamner, 1988) to form localised areas 

of convergence. These residual eddies are coincident with the main snapper spawning-

grounds and provide a mechanism that would retain eggs and larvae within each natal 

area. The distributions of snapper ichthyoplankton observed from field surveys were 

consistent with this, confirming that local hydrodynamics preclude mixing of eggs and 

larvae between the spawning areas. Although at larger scales than those here in Shark 

Bay, larval retention resulting from interaction between coastal complexity and flow 

has been linked with marine finfish population structure elsewhere, e.g. Atlantic cod 

off Newfoundland (Ruzzante et al., 1999) and Pacific Ocean perch off British 

Columbia (Withler et al., 2001). 

 

Although the strength of the Leeuwin Current has been linked to recruitment variation 

in major fisheries off Western Australia (Pearce and Phillips, 1988; 1994; Lenanton et 

al., 1991; Caputi et al., 1996), its influence on recruitment in gulf snapper populations 

appears negligible. Model simulations showed minimal penetration of the current into 

the shallower gulfs, with the exception of off Cape Peron where years of weaker 

current strength may be reflected in lower retention of eggs and larvae. We suggest that 

there is a strong correlation between the seasonality of snapper spawning, wind and 

hydrodynamic retention. Although the effect of wind was probably exaggerated here 

(because surface particle-tracking was used), the seasonal transitions of the system 

from wind-driven to tide-driven highlight patterns that could potentially affect 

spawning success. Snapper in the northern waters of each gulf (Cape Peron, Monkey 

Mia, Denham Sound) spawn mainly during months of minimum wind, i.e. June and 

July. Unseasonably high winds in these months would see eggs and larvae transported 
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away from the main natal areas, thereby reducing local recruitment. In contrast, in the 

Freycinet Estuary where the peak in spawning occurs in August and September when 

winds have increased, recruitment is probably not affected, as local waters still 

experience low residual flows because of their geographic isolation. 

 

The role of larval dispersal in determining whether local marine populations are open 

(and consequently dependent on exogenous recruitment) or relatively closed (and 

consequently sustained by endogenous recruitment) remains an important ecological 

question (Cowen et al., 2000; Swearer et al., 2002) that is largely dependent on scale 

(Strathmann et al., 2002; Warner and Cowen, 2002). Based on the results of our study, 

which was very much on a local scale, snapper populations off Cape Peron, Monkey 

Mia and in the Freycinet Estuary appear essentially closed, and are likely to be 

dependent on recruitment from local spawning. In contrast, the Denham Sound 

population may receive some recruitment from oceanic spawning and be therefore 

more open; however, the questions as to the degree to which oceanic snapper may act 

as a recruitment source and how any contribution may vary between years remain to be 

answered. Preliminary studies indicate that snapper recruitment in both gulfs, currently 

measured by relative abundance of 0+ ageclass caught during annual trawl surveys, is 

highly variable. Although some environmentally-driven variation in mortality during 

the initial months after settlement is suspected, as is the case with Pagrus auratus in 

New Zealand (Francis, 1993), further research is required. 

 

In the study area, the snapper demonstrate many characteristics that are likely to 

increase the probability of self-recruitment (Swearer et al., 2002), with spawning taking 

place at the times (winter) and locations most favourable for retention, rapid egg 

development (approximately 1 d), and a relatively short larval duration (<30 d). The 

latter 2 factors equate to a relatively short planktonic larval duration, the most cited 

biological variable potentially affecting self-recruitment (Sponaugle et al., 2002). Why 

gulf snapper spawn just where they do remains unclear, with no obvious habitat feature 

common to all spawning sites other than the hydrodynamic characteristics identified in 

this study. Site-selection may be some adaptation to maximise larval feeding potential, 

as the localized areas of convergence coincident with the spawning grounds are 
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probably waters of relatively higher productivity within a marine environment that in 

general receives a limited nutrient input (Atkinson, 1987). Evidence suggests that 

snapper spawning activity is greatest during the periods of larger tides, and therefore 

maximum retention, i.e. around the new moon and to some extent full moon (G. 

Jackson, unpubl.). Overall, the behaviour demonstrated by the snapper adds support to 

the view proposed by Strathmann et al. (2002) that selection in non-migratory species 

may favour recruitment to the same environment as that inhabited by adults. 

 

Evolution of the metapopulation theory has seen, in some recent cases involving 

marine fishes, relaxation of the structural requirements originally proposed by Levins 

(1970), resulting in the theory’s inappropriate use (Smedbol et al., 2002). At first 

glance, it is tempting to conclude that snapper in Shark Bay demonstrate 

metapopulation structure. However, based on one of the essential metapopulation 

criteria (Smedbol et al., 2002), i.e. the presence of a number of discrete local breeding 

populations connected via the exchange of individuals, snapper in the gulfs do not 

conform to the metapopulation model, with the possible exception of the Denham 

Sound population that may exchange individuals with a larger, oceanic population. 

However, we concur with Smedbol et al. (2002) that scientists and managers should 

refrain from injudiciously using the metapopulation concept when making decisions 

about exploited fisheries. All identified subpopulations should be managed sustainably 

as distinct management stocks or units until metapopulation structure has been tested 

empirically. 

 

This study provides further evidence of the existence of a number of proximate but 

discrete spawning populations of snapper in the gulfs of Shark Bay. The mechanism we 

have shown, i.e. hydrodynamic retention, partly explains existing data on local 

snapper-stock structure. The usefulness of numerical modelling, in providing an 

understanding of hydrodynamic processes that may result in stock separation at an 

early life-history stage is again demonstrated. The information obtained has relevance 

in the management of the recreational snapper fishery in the gulfs, where large numbers 

of visiting fishers target known snapper spawning-aggregations during winter, when 

fishing mortality can be high and highly localised. Populations with extensive larval 
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retention are more vulnerable to recruitment over-fishing (Strathmann et al., 2002). In 

locally recruiting populations such as those of the snapper in the present study, 

excessive loss of larger (presumably older) and more productive members of the local 

populations through over-fishing have the potential to directly reduce recruitment. This 

is believed to have occurred in the eastern gulf in the mid-1990s, when over-

exploitation of the main spawning aggregation north-east of Monkey Mia resulted in 

severe depletion of the adult stock and apparently low recruitment in subsequent years. 

Our results underline the need to continue to monitor and manage gulf snapper 

populations at an unusually fine spatial scale compared to many other marine fish 

stocks in Western Australian waters. Currently stock assessments and management 

arrangements recognise separate management units/fishable stocks in the eastern gulf, 

Denham Sound and the Freycinet estuary. Future research should be focussed on more 

adequately determining the genetic relationship between the region’s snapper 

populations (using a DNA-based approach) and the extent of recruitment to Denham 

Sound from the oceanic stock and its annual variability. 
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CHAPTER 4 – Frontal Dynamics* 
 

4.1 INTRODUCTION 

Density fronts in estuaries and coastal seas are considered important regions, 

influencing the transport of both organic and inorganic materials.  Fronts are generally 

locations of strong horizontal and vertical gradients in momentum, as well as scalar 

properties such as temperature and salinity.  Generally, they are also regions of high 

primary productivity.  A front generated through changes in either temperature or 

salinity will be reflected by changes in density, and thus enhanced horizontal density 

gradients are also associated with frontal regions.  Although fronts can be defined in 

many ways, here, the definition of Simpson and Hunter (1974), who defined a front as 

‘a transition region between vertically stratified and vertically mixed conditions’, is 

adopted.  Using this definition to locate the position of a front, different processes that 

control stratification and de-stratification of the water column must be identified and 

quantified.  Simpson and Hunter’s (1974) initial work provides a set of tools for 

predicting fronts in coastal seas and estuaries, and has been expanded upon by a number 

of later studies (Pingree et al., 1982; Loder and Greenberg, 1986; Nunes and Lennon, 

1987; Nunes Vaz et al., 1989; Simpson et al., 1990). 

 

Shark Bay is a large, semi-enclosed coastal embayment, covering approximately 14,000 

km2, bounded by three large islands to the west, with open, deeper waters to the north 

and two shallower Gulfs (eastern, western) to the south (Figure 4.1).  Shark Bay is 

located on an arid coastline with minimal terrestrial runoff and experiences higher 

levels of evaporation than rainfall (Logan and Cebulski, 1970).  Salinities inside Shark 

Bay are consistently above oceanic levels and the innermost reaches regularly exceed 

60 ppt (Logan and Cebulski, 1970; Burling et al., 1999).  Shark Bay is primarily < 20 m 

in depth and has an average depth of 10 m.  The deepest parts of the Bay occur in the 

two main channels connecting the Bay with the continental shelf (Figure 4.1).  

Naturaliste Channel, between Dirk Hartog Island and Dorre Island, is 60 m deep and 25 

km wide.  Further north, Geographe Channel, between Bernier Island and the mainland, 
                                                 
* Submitted to Estuarine Coastal and Shelf Science as “Dynamics of frontal systems in Shark Bay, 
Western Australia” by Nahas E.L., Pattiaratchi C.B., Ivey, G.N. Centre for Water Research manuscript 
reference ED 1595 



4.1 INTRODUCTION 

 47 

is 50 m deep and 35 km wide.  The sea-floor slope is quite steep through these channels, 

in contrast to the gentle gradients within the Bay.  The mean depth of the northern 

region of the Bay is approximately 15 m, although significant shallow zones are situated 

immediately north of Cape Peron and along the eastern coastline (Figure 4.1).  The 

southern region of Shark Bay is split into gulfs aligned in a NW-SE direction separated 

by the Peron Peninsula.  The western gulf has maximum depths of 12 m along its axis 

with regions of shallow sand banks located to the south-west of Denham (Figure 4.1).  

The eastern gulf extends south-east to Faure Sill, a region of shallows where the mean 

depth is 1-2 m, with only a few narrow channels 5-6 m in depth extending into Hamelin 

Pool.   

 

The Bay experiences a mixed tidal regime with a tidal range of ~1 m.  However, due to 

a quarter wave resonance of the semi-diurnal tide along the eastern Gulf (Burling et al., 

2003), which increases the semi-diurnal tide by a factor of 2, the tidal characteristics of 

each of the Gulfs are different: in the eastern Gulf the tides are mainly semi-diurnal 

whilst in the western Gulf the tides are mainly diurnal.  The tidal range is also higher 

along the eastern Gulf (Burling et al., 2003). 

 

The physical and biological processes offshore from Shark Bay are dominated by the 

Leeuwin Current, which flows southwards along the continental shelf break, but there is 

evidence that they are also influenced by the higher salinity outflow from Shark Bay 

(James et al., 1999; Woo et al., 2003).  Recruitment of eggs and larvae to many 

commercially important Western Australian fisheries is affected by inter-annual 

variations in Leeuwin current strength and temperature (Lenanton et al., 1991; Caputi et 

al., 1996) resulting mainly from El Niño/Southern Oscillation (ENSO) fluctuations 

(Pearce and Phillips, 1988; 1994).  Shark Bay also experiences large seasonal variations 

in wind strength and direction, with strong southerly winds (averaging 10 ms-1) 

dominant during the austral summer (December-February).  Weaker, more variable 

winds are present during the winter (June-August), with speeds ~3 ms-1 from the south-

southeast (Nahas et al., 2003). 

 

 



4.1 INTRODUCTION 

 48 

 
 

26 0'S

25 0'S

113 0'E 114 0'E° °

°

°

N

10

4

4

4

4

4 4

4

20

10

10

10

20

10

10

10

10

INDIAN OCEAN

Denham

Freycinet
Estuary

Dirk Hartog Is.

Hamelin
Pool

Carnarvon

Naturaliste
Channel

Geographe Channel

Bernier Is.

Dorre Is.

Cape Peron

Eastern
Gulf

Western

Australia

•
Monkey Mia

•

Faure Sill

Denham
  Sound

Western
Gulf

Figure 4.1. Map of Shark Bay, Western Australia, showing bathymetry (metres) 
and locations referred to in the text.  Note that the Western Gulf includes 
Denham Sound in the north and Freycinet Estuary in the south.  In addition, 
Monkey Mia includes a township and waters in the Eastern Gulf.



4.1 INTRODUCTION 

 49 

The innermost reaches of Shark Bay, at the most southerly extent of the eastern and 

western Gulfs, are Hamelin Pool and the Freycinet Estuary, respectively (Figure 4.1).  

Hamelin Pool experiences far greater salinities than Freycinet Estuary, due in part to the 

effect of flow constriction at Faure Sill and the shallowness of its waters, which both 

contribute to its isolation from greater Shark Bay to the north (Burling et al., 1999).  

Between these hyper-saline regions and the outer parts of Shark Bay, density fronts 

have been identified (Logan and Cebulski, 1970; Smith and Atkinson, 1983) and have 

been confirmed to be stable features by comparing modern SST imagery and in situ 

field data from Logan and Cebulski (1970).  In particular, the frontal features located 

within the Bay at the two major oceanic entrances (Geographe and Naturaliste 

Channels, Figure 4.1) and an additional frontal feature located across entrances to both 

gulfs and extending northwards along the eastern shoreline, are of greatest interest.  

This latter front, which has the effect of dividing Shark Bay into two regions, was 

identified by Logan and Cebulski (1970) as the northern boundary of the high density 

metahaline water mass (Figure 4.2B).  The frontal features at the channel entrances are 

mirrored by the SST records in winter (Figure 4.3A), whilst summer SST images 

(Figure 4.3B) show only the Naturaliste channel front and the front across the middle of 

the Bay.  

 

This study identifies these density fronts as permanent features and hypothesizes that 

the highly saline reaches to the south cause a northerly gravitational flow of dense water 

near the seabed.  This water is mixed by the tides and wind to create equilibrium 

conditions between the vertically mixed and stratified regions of the Bay.  Such frontal 

systems in Shark Bay will not only impact fluid exchange within the estuary and onto 

the continental shelf, but also have ramifications for local fisheries.  Previous work on 

pink snapper in Shark Bay has shown that separate populations live close together 

without biological evidence of intermingling (Johnson et al., 1986; Edmonds et al., 

1989; 1999; Moran et al., 1998; Whitaker and Johnson, 1998; Baudains, 1999; Bastow 

et al., 2002).  These and other numerical studies (Nahas et al., 2003) of the Bay explain 

the subtle hydrodynamic features that allow such species to live in proximity to one 

another and yet remain in isolation.  The work presented here first applies an analytical 

theory, widely used in studies of traditional estuaries, to predict the location of fronts,  
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Cebulski (1970) indicating the strong longitudinal salinity gradients along 
the gulf, particularly along the eastern Gulf, (B) Location of various haloclines, 
(and thus density gradients) identified by Logan and Cebulski (1970).
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Figure 4.3. Typical Sea Surface Temperature satellite image from: (A) winter when Shark 
Bay is cooler than ocean waters, and winds are low; and, (B) summer when Shark Bay is 
warmer than ocean waters and winds are from the south.  The frontal feature inside of 
Naturaliste Channel is typical all year round, while the feature inside Geographe Channel 
disappears in summer (B).
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and then applies a 3-dimensional, baroclinic hydrodynamic model to analyze advection 

of temperature and salinity, and their ultimate influence on density fronts within the 

Bay. 

 

4.2 METHODOLOGY 

4.2.1 Balance between stratifying and de-stratifying influences  

Nunes Vaz et al. (1989) and Rippeth and Simpson (1996) extended the Simpson and 

Hunter (1974) approach by considering a range of processes, which included both 

stratifying and de-stratifying influences affecting the water column.  For Shark Bay, 

these influences included tide, wind, evaporation, surface heating and gravitational 

circulation.  The tide, wind and evaporation act as de-stratifying forces whilst heating 

and horizontal gravitational circulation act to stratify the water column (Rippeth and 

Simpson, 1996).  Considering the rate of energy imparted to a unit volume of water, 

(units: J m-3 s-1), the balance between de-stratifying and stratifying influences may be 

expressed as (Rippeth and Simpson, 1996): 
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Here, ρ and ρa are water density and air density; Bs is the saline expansion coefficient; 

E is the rate of evaporation; α is the thermal expansion coefficient; L is the latent heat 

of vaporisation; and cp the specific heat of sea water.  Equation (4.1) was evaluated 

for Shark Bay using typical values as follows: mean density, ρ = 1024.5 kgm-3; the 

mean water depth, h = 10 m; the near-bed tidal amplitude, ub = 0.5 ms-1; mean wind 

speed, W = 4 ms-1; the rate of surface heating, Q = 140 Wm-2; mixing efficiencies for 

tidal and wind velocity, ε = δ = 3.75x10-3; the drag coefficients for bottom and surface 

stresses, κD = 2.5x10-3 and κS = 6.4x10-5; the vertical eddy diffusivity, Kmz = 10-2 m2s-

1 (Nunes and Lennon, 1987).  Finally, the horizontal scale along the estuary was taken 

as x = 100 km. 
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The gravitational circulation term in Equation 4.1 is only valid for vertically well-

mixed conditions, a no-slip lower boundary condition and a linear horizontal density 

gradient (Nunes Vaz et al., 1989; Simpson et al., 1990).  This is because the term was 

derived assuming that the vertical eddy diffusivity (Kmz) is independent of depth, 

which is not valid in vertically stratified conditions (Nunes Vaz et al., 1989).  

Therefore, where buoyancy flows are important, a water body must be dominated by 

diffusive mixing to use this formulation.  Hogg et al. (2001) investigated exchange 

flows over the complete spectrum of conditions from vertically stratified to vertically 

well-mixed and determined that after a certain threshold of mixed conditions, volume 

and mass flux reach a minimum beyond the viscous advective diffusive (VAD) limit.  

Hence, the assumption used in this paper, as well as by Nunes Vaz et al. (1989) and 

Ranasinghe and Pattiaratchi (1999), is that in this and other well-mixed estuaries (both 

positive and inverse), the gravitational circulation is described by the VAD limit.  For 

estuaries that exhibit consistent vertical stratification, the minimum flux condition will 

not apply, and the simplifications used on the gravitational circulation term will be 

invalid. 

 

However, in all cases, the gravitational circulation parameter is not a locally 

determined value, but rather a function of horizontal density gradients across the 

characteristic length of the system.  Therefore, the balance in Equation 4.1 cannot be 

calculated for any one location in Shark Bay.  The relative rates of energy input from 

each of the major process can only be compared as bulk parameters that illustrate the 

dominant influences throughout the system. 

 

In Shark Bay, the parameterization of the evaporation term requires special 

consideration.  The evaporation term, although locally destratifying, is assumed to be 

the mechanism driving gravitational circulation on a large scale.  The spatial 

variations in density in Shark Bay are considered a function of evaporation and 

variations in water depth.  Here, evaporation is not used as an independent 

destratifying influence, but is accounted for in the gravitational circulation term and in 

particular the horizontal density gradient term.  

 

 

 



4.2 METHODOLOGY 

 54 

4.2.2 The Stratification Parameter  

The location of frontal features may be predicted through the balance of energy input 

to the vertical water column through stratifying and de-stratifying influences.  

Simpson and Hunter (1974), considering the balance between tidal energy (de-

stratifying influence) and buoyancy flux from surface heating (de-stratifying 

influence), found that the ratio 3/ suh  where su is the surface velocity and h  is the 

water depth, is a good indicator for the geographic location of fronts around the 

British Isles, and a critical value of this ratio indicates the transition from mixed to 

stratified conditions, and therefore the location of a front.  Pingree et al. (1982) 

discussed this ratio further, defining it as the stratification parameter: 

 
3log
ou

hS =  (4.2) 

 

Where h is the water depth and uo is the depth mean M2 tidal amplitude at a given 

location.  Comparing predictions using numerical models and remotely sensed data, 

the location of the fronts were found to occur where S = 2.7 + 0.3 (Simpson and 

James, 1986; Simpson, 1998).  

 

4.2.3 Hydrodynamic Modeling 

A numerical model was used to investigate the hydrodynamic processes contributing 

to frontal dynamics in Shark Bay.  Through simulations of Shark Bay, the formation 

of fronts was examined by changing model forcing parameters, primarily the wind, 

tide and influence of the Leeuwin Current.  These simulations allowed 

characterisation of these forces as primary or secondary influences on the frontal 

systems. 

 

Previous numerical model simulations of Shark Bay used barotropic formulations 

(Burling et al., 2003, Nahas et al., 2003).  Whilst barotropic simulations are valuable 

in some instances, the temperature and salinity variations influencing the location of 

fronts are not represented in this mode.  Hence, temperature and salinity distributions 

as well as gravitational velocities were generated using baroclinic simulations of the 

Hamburg Ocean Model (HAMSOM).  HAMSOM is a three-dimensional primitive 

equation model initially developed by Backhaus (1985).  It uses semi-implicit and 
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finite-difference schemes (Backhaus, 1985; Stronach et al., 1993), and has been 

successfully applied to coastal and estuarine systems worldwide (Backhaus, 1985; 

Stronach et al., 1993; Pattiaratchi et al., 1996; van der Veer et al., 1998; Ranasinghe 

and Pattiaratchi, 1999).  HAMSOM was applied to Shark Bay by Burling et al. 

(2003), adapted by Nahas et al. (2003), and for this study, further modified to include 

forcing due to density changes induced by temperature and salinity variability within 

the Bay.  The model was validated, using tidal data from several locations within 

Shark Bay, by Burling et al. (2003).  Therefore, additional validation studies were not 

undertaken as part of this study. 

 

HAMSOM assumes hydrostatic pressure and the Boussinesq approximation.  At the 

surface, a kinematic boundary condition is applied, and at the seabed, a quadratic 

stress condition.  Inputs to the model include M2, S2, K1 and O1 tidal constituents, 

meteorological data, and a southward flowing (offshore) Leeuwin Current at 0.1 m s-1.  

Other parameters include a Coriolis factor of 6.3 x 10-5 s-1 and a near-bed friction 

factor of 0.0025.  The model grid applied was 160 x 94 x 11, with a 2 km2 horizontal 

resolution, and a variable vertical resolution ranging from 1 to 5 m distributed through 

11 layers. 

 

Hydrodynamic conditions were calculated using a model time step of one minute and 

data output at hourly intervals.  Two model runs were performed.  All forcing 

parameters were identical for both simulations with the exception of wind which was 

only included in the second simulation.  Model runs were for 30 d for a complete 

lunar tidal cycle.  Residual velocities were used to visualize exchange flows, and 

surface temperature and salinity distributions were examined in light of frontal 

regions previously identified in the fieldwork of Logan and Cebulski (1970) and SST 

images from the CSIRO NOAA/AVHRR data archive (Figure 4.3).  

 

Although the numerical simulations were undertaken in baroclinic mode, air-sea 

exchange of water and heat was not prescribed, as the main aim of the modeling was 

to predict the location of frontal regions within the Bay.  Fronts are observed under 

both summer and winter conditions (Figure 4.3) and therefore the air-sea exchange 

should not have a major influence on the location of the fronts.  The model was 

initialized using simplified temperature and salinity gradients, representative of 
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conditions caused by long-term evaporative effects (Figures 4.4A and B).  The values 

reflect typical conditions during the winter.  It was assumed that the influence of 

evaporation was to maintain salinity gradients over long time periods (years), while 

gravitational circulation and tidal mixing acted to diffuse those gradients on shorter 

time scales (months).   

 

Residual velocities were calculated for surface and near-bed layers in order to 

visualize the exchange flows driven by gravitational circulation.  For these 

calculations, the surface layer was simply the top layer in the model grid.  The near-

bed layer was not fixed, but varied with depth, being the bottom wet layer of every 

location on the horizontal grid.  In shallow locations with only one wet grid cell, the 

surface and near-bed output would be the same. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Balance between stratifying and de-stratifying influences 

The balance between stratifying and de-stratifying influences determines whether the 

water column is stratified or well mixed (see section 2.1).  Evaluation of Equation 4.1 

for Shark Bay using typical values (see section 2.1), yielded: 

 

 
ONOMLONOMLONOMLONOML

nCirculatio
BaroclinicHeatingSolarMixingWindMixingTidal

5865 103.2104.2108.1102.4 −−−− ×+×≈×+×  
(4.3) 

 

Equation 3 indicates that the primary balance is between tidal mixing (de-stratifying) 

and baroclinic circulation (stratifying influence) (Equation 4.3).  Both of these 

processes have contributions of similar magnitude i.e. ~10-5 J m-3 s-1.  Wind mixing is 

a factor of 10 smaller whilst solar heating is a factor of 1000 smaller than both tidal 

forcing and gravitational circulation.  As discussed above in section 2.1, evaporation 

was not calculated in its own right, but is instead implicitly included via the 

gravitational circulation term, as discussed previously.  These relative values indicate 

that the main relationship of interest is between tides and gravitational circulation, 

with the latter depending on the longitudinal density gradient, which in turn, is 

determined by the advection-diffusion balance (Simpson et al., 1990).  The influence 

of solar heating should be negligible and the effect of wind may become important  
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Figure 4.4. Distribution of temperature (A) and salinity (B) prescribed as 
initial conditions in the baroclinic model runs.  Temperature was initialized 
in the model as a stepwise parameter, with 18.0°C inside Shark Bay to 
23.0 °C outside, as typical for winter.  Salinity was initialized as a linear 
gradient between the high-salinity southern reaches and the rest of Shark 
Bay. Salinities from 36.0 to 60.0 are representative of Shark Bay year round. 
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during periods of sustained high winds.  This is in contrast to other regions where 

frontal systems have been attributed to a balance between tidal mixing and surface 

heating (Simpson and Hunter, 1974; Loder and Greenberg, 1986).  However, Simpson 

et al. (1990) found a similar balance, i.e. between tidal mixing and gravitational 

circulation, in Liverpool Bay where the horizontal density gradients were maintained 

through freshwater inflow. 

 

4.3.2 Tidal currents 

Shark Bay consists of regions of rapid depth changes, especially through Naturaliste 

Channel (Figure 4.1).  These depth variations will influence tidal velocities and thus 

frontal dynamics in that region, and other regions, with similar dramatic bathymetric 

changes.  In addition, the width of the Channels should affect tidal velocities and 

enhance the effect of bathymetric changes.   

 

The mean tidal velocity magnitude at each model grid point was calculated using the 

hourly tidal currents output by the numerical model through averaging the magnitude 

over depth and simulation period (30 days).  The distribution of the mean tidal 

velocity magnitude (Figure 4.5), correlates to regions of high bathymetric gradients, 

showing that changes in water depth influence the local tidal currents.  These 

locations also correlate with the observed frontal locations in SST images and field 

data (Figures 4.2 and 4.3).   

 

The strongest currents are found near to headlands (e.g. off the northern tip of Dirk 

Hartog Island and Cape Peron, Figure 4.1) and over Faure Sill.  At Naturaliste 

Channel, the magnitude of the tidal currents increases rapidly (from the ocean 

entrance) and decreases in a semi-circular pattern inside the mouth of Naturaliste 

Channel (Figure 4.5).  Geographe Channel shows a small amplification in tidal 

magnitude reaching from the western side of Bernier Island across approximately half 

of the channel.  Halfway between the two channels, in between Bernier and Dorre 

Islands, there is a decrease in tidal magnitude.  The tidal magnitude in the entire 

northern section of Shark Bay is small, followed by an increase within the Gulfs.  In 

general, tidal magnitude within the Gulfs increases with a decrease in water depth, or 

through narrowing topography, such as where the western Gulf narrows.  At the  
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Figure 4.6. The Stratification parameter (S) according to Simpson and Hunter 
(1974) and Pingree et al. (1982).  Fronts are observed where S = 3.0 with well 
mixed conditions when S < 3.0 and stratified conditions when S > 3.0.
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southern extent of the two Gulfs, the tidal magnitude is damped almost to zero by the 

sills north of Freycinet Harbour and Hamelin Pool (Faure Sill).   

 

4.3.3 The Stratification Parameter 

The stratification parameter (Equation 4.2) as described by Simpson and Hunter 

(1974) and Pingree et al. (1982) was used for delineating major frontal systems 

observed in Shark Bay (Figure 4.6).  The stratification parameter is most sensitive to 

changes in tidal current magnitude and the distribution of tidal current magnitude is 

very similar to the distribution of S.  Fronts are predicted where the stratification 

parameter, S = 3.0.  Whilst a value of S = 3 indicates location of a front, regions 

where S < 3.0 should indicate well-mixed regions and where S > 3.0 should indicate 

stratified regions.  The critical value of S = 3.0 is at the higher limit of previous 

observations in other regions.  For example, in the north-west European shelf seas, 

critical value where fronts occur is when S = 2.7 + 0.3 (Simpson, 1998).  In the Gulf 

California, fronts were located in regions where 2.75 < S < 3.0 (Argote et al., 1995).  

In these regions the dominant buoyancy input was via surface heat flux.  It is 

interesting to note that in Shark Bay, although the buoyancy input is through 

gravitational flow (driven by evaporation), the location of fronts are still observed at a 

similar value of S.  This result indicates that although the mechanism of buoyancy 

input is different, the turbulent kinetic energy production from the seabed through 

tidal friction is the dominant contributor to vertical mixing of the water column 

(Bowers and Simpson, 1987). 

 

The semi-circular nature of the Naturaliste Channel front is definitively predicted by 

of this parameter (cf. Figures 4.3 and 4.6) whilst the front dividing northern and 

southern Shark Bay is reflected, although not as strongly.  In contrast, although a 

frontal region is observed (Figure 4.3) at the entrance of Geographe Channel – the 

stratification parameter does not predict the location of the front.  The stratification 

parameter predicts that the northern region of Shark Bay, except at the Naturaliste 

Channel entrance, is stratified.  Except for a few isolated patches, the Gulf regions are 

well-mixed, with the lowest values of S occurring along the shallow Faure Sill, where 

shallow depths and high tidal currents are encountered.  The southern extents of the 

Gulfs, Freycinet Harbour and Hamelin Pool, both indicate stratified regions.  These 

two regions experience hyper-saline (salinity > 50) conditions (due to high  
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Figure 4.7(A) Surface residual currents over one month shows inflows through 
both channels, and strong flow to the south in the eastern gulf where salinities 
are highest. (B) Near-bed residual currents over 30 days show flows counter to 
surface residuals, with outflows through both channels, and a strong exiting 
flow in the eastern gulf, transporting high salinity water from Hamelin Pool. 
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evaporation) and low tidal currents (Figure 4.5).  Although CTD data from these 

regions are lacking, there is some evidence of stratification within Hamlin Pool 

(Burling et al., 1999). 

 

4.3.4 Residual Currents 

Residual velocities (including all but wind forcing) for the surface (Figure 4.7A) and 

near-bed (Figure 4.7B) of Shark Bay reveal a two-layer flow regime.  At the surface, 

water flows into the Bay through Naturaliste and Geographe Channels, converges 

north of Cape Peron, and then flows southward along both Gulfs.  Geographe Channel 

shows a strong surface inflow that remains coherent along the entirety of the northern 

stretch of the Bay.  There is slight damping when the waters reach the entrance to the 

eastern Gulf, followed by enhanced flow once inside the Gulf itself, likely to be due to 

the combining of inflows from both channels.  The western Gulf experiences a weaker 

meandering southward flow.  Velocities decrease across Faure Sill in the eastern gulf 

(Figure 4.5), and the two-layer flow structure is re-established within Hamlin Pool.  

Throughout Shark Bay, there are a number of locations with surface eddy-like 

circulation, such as northeast of Naturaliste Channel and to the east of Dirk Hartog 

Island, present with tidal forcing alone (see Burling et al., 2003 and Nahas et al., 

2003). 

 

In contrast, near-bed residual flow (Figure 4.7B) shows different patterns in the two 

entrance channels.  In Geographe Channel, there is an eddy structure with some near-

bed inflow along the eastern shoreline.  Similarly, the northern edge of Naturaliste 

Channel indicates a small intrusion of waters from outside of Dorre Island (Figure 

4.1).  The near-bed flow is stronger along the eastern gulf due to the higher 

longitudinal density difference.  The outflow from the eastern gulf flows northward, 

past Cape Peron and divides into two streams: one flows northwards and exits through 

Geographe Channel and the other, going westward, merges with the northward flow 

from the western gulf and exits through Naturaliste Channel (Figure 4.7B).  Field 

data, collected from the continental shelf offshore of Shark Bay, has shown that the 

higher salinity outflow from Shark Bay forms a dense near-bed plume flowing 

southwards from both Geographe and Naturaliste Channels (James et al., 1999), and 

also contributes to the formation of a surface water mass adjacent to Shark Bay (Woo 

et al., 2004). 
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4.3.5 Predicted spatial patterns of temperature and salinity 

Shark Bay experiences seasonal temperature inversions compared to the adjacent 

continental shelf.  During winter, the Bay waters are cooler than the adjacent shelf due 

to the influence of the warmer Leeuwin Current on the shelf (Figure 4.3A).  In 

contrast, the Bay is warmer during the summer due to high solar insolation within the 

Bay, whilst the continental shelf is cooler due to upwelling (Figure 4.3B).  In both 

seasons, a semi-circular frontal feature is present inside the Bay at the entrance to 

Naturaliste channel, as predicted by the stratification parameter (cf. Figures 4.3, 4.6 

and 4.8).  A similar frontal feature is present during the winter at the Geographe 

channel (Figure 4.3B).  The initial conditions for the hydrodynamic model (see 

section 2.3) were set to simulate winter conditions where the Bay is cooler than the 

offshore waters (Figure 4.4A).  The model was forced using tides, and included the 

advection of temperature and salinity.  Air-sea exchange of heat and water was not 

prescribed.  At the end of the 30 day simulation, the surface and near-bed temperature 

distributions showed the semi-circular features inside both major entrances to the Bay: 

Naturaliste and Geographe channels.  The intrusion of warm water from the ocean 

into the Bay was greater on the surface (Figure 4.8A) than at the near-bed (Figure 

4.8B).  At the near-bed, there appears the beginning of an exiting flow on the 

southwestern edge of Geographe Channel.  This is most likely part of the two-layer 

flow in the residual currents identified in section 3.4 and confirmed by field 

measurements of James et al. (1999) and Woo et al. (2004).    

 

Salinity distribution was initialized with higher salinity in the upper reaches of the two 

Gulfs (Figure 4.4B).  As the longitudinal salinity gradient along the eastern gulf is 

higher, the salinity outflow extends further northwards when compared to the western 

gulf (Figure 4.9A and B).  Both the surface and near-bed salinity distributions indicate 

a western bias, with the higher salinity water traveling farther north along the western 

shorelines of each Gulf due to the effect of the Coriolis force.  The predicted surface 

and near-bed salinity distribution does not correlate strongly with the frontal feature 

identified at the entrances to each of the Gulfs from both the stratification parameter 

(Figure 4.5) and field data (Figures 4.2 and 4.3). 
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Figure 4.8. Temperature distribution on the surface (A) and near-bed (B) after 
30 days of simulating with tidal and baroclinic forcing.  Note the development 
of frontal structure inside Naturaliste and Geographe structures as seen in the 
SST imagery (Figure 3) and predicted by the stratification parameter (Figure 6). 
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Figure 4.9. Salinity distribution on the surface (A) and near-bed (B) after 30 
days of simulating with tidal and baroclinic forcing.  There is clear influence 
of the effect of the Coriolis force shifting the gradients westward and away from 
the structure observed by Logan and Cebulski (1970) (Figure 2A). 
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Figure 4.10. Salinity distribution on the surface and near-bed after 30 days of 
simulating with tidal and baroclinic and wind forcing.  The inclusion of summer 
wind forcing leads to the development of the frontal structure across the middle 
of the bay identified by Logan and Cebulski (1970) and shown in Figure 2B.
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The effect of winds, and thus the seasonal dynamics of the fronts, was investigated 

using a model simulation with the additional forcing of wind data from November 

1994 considered a typical summer wind pattern.  With the inclusion of the wind 

forcing, a shift of the horizontal salinity structure away from its western bias is 

observed with the saline water moving northeast over the shallow water region 

adjacent to the coast (Figure 4.10).  Surface (Figure 4.10A) and near-bed (Figure 

4.10B) contours are very similar, with only a slight increase in the salinity excursion 

on the near-bed.  The wind also increases the net northern excursion of the water, with 

denser water moving almost to the exit at Geographe Channel along the eastern 

shoreline.  The predicted salinity distribution (Figure 4.10) reflects the salinity 

distribution postulated by Logan and Cebulski (1970), in particular the northern 

boundary of the high density metahaline water mass (cf. Figures 4.2B and 4.10).  

Thus, wind forcing clearly influences the distribution of salinity, particularly, along 

the shallow waters in the eastern Gulf where the higher salinity water is transported 

northward.  It would be expected that that in the shallower the wind may have a larger 

influence than that due to the tidal effects and thus dominating the dynamics. 

 

Previous studies have correlated marine species recruitment with localized 

topographic features (Nahas et al., 2003), as well as meso-scale features such as the 

Leeuwin Current (Caputi et al., 1996), but none have examined the influence of 

density fronts discussed here.  The fronts at the entrance to Shark Bay: Naturaliste 

Channel and, in a seasonal frame, the in Geographe Channel, are recognized due to 

their ubiquitous presence on SST images.  However, the other major frontal feature 

dividing Shark Bay in a longitudinal direction across the Bay is strongly influenced by 

changes in salinity (due to evaporation) and wind.  The influence of this feature on 

recruitment may be important for a large-scale understanding of the region, including 

the annual variation of the feature and its correlation to spawning seasons. 

 

4.4 CONCLUSIONS 

Field measurements and sea surface temperature distributions derived from satellite 

imagery indicate the presence of frontal regions in Shark Bay.  In particular, the 

frontal features are located at the two major oceanic entrances, Geographe and 

Naturaliste Channels.  An additional frontal feature is located at the entrances to both 

gulfs and extending northwards along the eastern shoreline.  Within Shark Bay, strong 
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salinity gradients, due to high evaporation, result in a gravitational circulation, which 

is the primary source of buoyancy within the Bay.  The gravitational circulation 

induces a two layer residual current system within the Bay, with surface water 

flowing into the Bay and Gulfs, and near-bed waters flowing out of the Gulfs and the 

Bay through the ocean entrances.  Examination of the relative balance between the 

vertical stratification effects due to input of buoyancy (e.g. solar insolation, 

gravitation circulation) and de-stratification influence of tide and wind effects 

indicated that the primary balance is between gravitational circulation and tidal effects 

although the winds may be important during the summer months.  The application of 

the stratification parameter (S) to Shark Bay revealed that the frontal locations are 

found at the critical value of S = 3.0 which is slightly higher than that found in 

previous studies (cf. Argote et al., 1995; Simpson, 1998).  The stratification parameter 

clearly identified the location of the semi-circular frontal feature at the Naturaliste 

Channel entrance.  It also provided limited evidence for the location of the frontal 

feature across the middle of Bay (Figure 4.6).  Numerical simulations of the 

temperature distribution under tidal and gravitational influence reproduced the semi-

circular frontal features at both entrances.  In contrast, the salinity distribution 

reproduced the frontal feature across the Bay only through the addition of wind 

forcing.  Hence, we can conclude that the frontal systems at the ocean entrances are 

the result of variation in tidal currents and water depths along the entrance, resulting 

in tidal effects dominating over the buoyancy input through the gravitational 

circulation.  In contrast, the frontal feature across the middle of the Bay, although it 

contains similar dynamics to those at the ocean entrances, is influenced by wind 

effects, especially during the summer months. 
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CHAPTER 5 – Conclusions 
 

In this thesis, field measurements and numerical modeling were used to study 

circulation in Shark Bay, Western Australia.  Previous physical oceanographic work in 

Shark Bay included field studies of temperature and salinity distribution over seasonal 

timescales as well as numerical studies of tides, exchange onto the shelf and mixing in 

the southern gulfs.  Previous biological studies have attempted to determine fish 

population structure through egg and larvae sampling as well as genetic studies.  This 

study is one of the first to use physical oceanographic techniques to examine biological 

variability.  It is also the first to examine the baroclinic properties of Shark Bay.  The 

study examines the following properties of Shark Bay in order to draw its conclusions: 

(1) the influences of the primary hydrodynamic forces (tides, wind, Leeuwin Current) 

on local, small-scale processes in snapper spawning regions; (2) seasonality and its 

influence on local processes; (3) the balance between gravitational circulation induced 

by high salinity in the upper reaches of the Bay, tides, wind and the Leeuwin Current; 

(4) the formation and stability of fronts in the Bay. 

 

Comparative analysis of tides, wind and Leeuwin Current through numerical modeling 

indicated that tides are the dominant hydrodynamic process in Shark Bay. Locally, tidal 

residuals generated through the interaction between tidal current and topography, result 

in the retention of snapper eggs and larvae in specific regions of the two Gulfs and off 

of Cape Peron. This retention correlates strongly to the location of pink snapper 

spawning sites and permits the spawning and development of eggs and larvae to occur 

in a localized region without strong advective effects. The numerical model results are 

in agreement with previous genetic and tagging studies, indicating that the snapper 

(Pagrus auratus) are able to exist in the Bay in discrete populations, which are 

relatively proximate to one another. 

 

The pink snapper spawns in the Austral winter, and the seasonality of hydrodynamic 

forces is an additional factor important to their unique spawning characteristics. The 

strong, steady southerly winds in Shark Bay are present only in summer. The numerical 

model results indicated that the strong southerly winds influenced the surface layer, 
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diminishing the retention caused by the tides, advecting water and passive particles 

northwards.  Comparison with biological studies further illustrated that fish populations 

spawning in regions with flow characteristics less susceptible to the strong southerly 

winds tend to spawn later in winter, when winds are beginning to strengthen. 

 

The Leeuwin Current is also a seasonal effect, with increased flow from north during 

the wintertime. The Current flows along the shelf and SST imagery has revealed 

intrusions of warm water from the Current into Shark Bay.  Numerical simulations 

indicated that whilst this intrusion slightly dampens the northerly flow of surface water 

in the Bay, the influence remains confined to the northern reach of the Bay and does not 

appear to affect the retention mechanisms in snapper spawning locations. 

 

Another major hydrodynamic factor in Shark Bay is the gravitational circulation 

resulting from the hypersaline gulfs, driving dense water along the sea bed and 

northwards toward the exits of the Bay. Previous work has found that the temperature, 

salinity and density structure of Shark Bay is stable, with seasonal temperature 

inversions, but little variation over monthly periods or between years. An energy 

balance between mixing forces (including tides and wind) and stratifying forces 

(gravitation circulation) showed a balance between the energy imparted by tidal mixing 

and that created by stratification from gravitational circulation. Both of these forces are 

does not change on seasonal timescales, explaining the relatively stable horizontal 

density structure in the Bay. 

 

This horizontal density structure defines the location of fronts in Shark Bay. Numerical 

simulations confirmed that a balance of tidal mixing and gravitational circulation is 

sufficient to predict the location of fronts in the Bay. The major frontal system through 

the middle of the Bay, dividing the open northern waters from the southern Gulfs was 

originally proposed by Logan and Cebulski (1965) but has not been addressed or 

studied subsequently.  The other two fronts, located at the entrances to the Bay, are 

visible in SST images and have been acknowledged in more recent studies. The 

significance, both physically and biologically, of the front inside Shark Bay has yet to 

be studied in depth. 
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The seasonal structure of the front in Shark Bay is relatively stable, however, in order to 

accurately recreate the structure of the observed front in a simulation, the influence of 

southerly winds was fundamental. Although the energy balance is primarily between 

tides and gravitational circulation, the seasonal southerly winds help to maintain the 

consistent southwest to northeast line of the front inside Shark Bay. The winds also 

influence the presence of the front in Geographe Channel, which runs east to west. The 

consistent front in Naturaliste Channel contrasts to the Geographe Channel front that is 

present primarily in winter when the warm Leeuwin Current is flowing south, intruding 

into the Bay, and when the southerly winds are weak. 

 

The methods employed in this investigation of Shark Bay can be used when examining 

the dispersion or retention of passive matter, such as eggs and larvae. If biological data 

is available on the location of spawning of a species, the model simulations employed 

here can be used to study dispersion during the early development stages when species 

are not actively swimming. Furthermore, the calculation of specific energy balances in 

the Bay shows that analytical methods employed in traditional estuaries also work in 

inverse estuaries. The applicability of a baroclinic model is also illustrated, to allow for 

the spatial visualization of the energy balance, and the resulting fronts and two-layer 

flow structures. 



 73 

CHAPTER 6 – Recommendations for Future Research 
 

While extensive numerical modeling has been employed to study the physical 

oceanography of Shark Bay, the collection of field data would greatly contribute to the 

understanding of the fluid mechanics of the region and the accuracy of the model 

simulations. CTD (Conductivity, Temperature and Density) profiles have been taken in 

many areas of Shark Bay, although they have been primarily focused on the Gulf 

regions. Long-term current measurements using an instrument like an ADCP (Acoustic 

Doppler Current Profiler) would provide data about the degree of exchange flow exiting 

on the bottom and entering on the surface. Hypotheses about seasonal pulses of hyper-

saline water exiting Naturaliste Channel could be confirmed and characterized. Further 

verification of the numerical model and the analytical calculations of energy balances 

will provide increased accuracy for these tools when applied to other marine systems. 

 

It has been shown that ADCPs can be used to estimate Reynolds stress and the rate of 

dissipation of TKE (Stacey et al. 1999), which are important values in the estimation of 

turbulent mixing and coefficients of friction and drag. Because CTD data has shown 

Shark Bay to be a well-mixed environment, certain assumptions were made about the 

maximum rate of exchange with ocean waters. This allowed for calculations of energy 

input from baroclinic circulation. In employing any numerical model or analytical 

theory on energy balance, the efficiency of mixing and hence the effective vertical eddy 

diffusivity is an important characteristic. The modeling undertaken for this work 

employed results from field observations of dye diffusion on various scales. However, 

direct measurements of the Reynolds stress ,  the  rate of dissipation of TKE and the  

mixing efficiency in Shark Bay will allow for more accurate inputs to modeling 

simulations, and a more accurate characterization of the importance of baroclinic 

circulation. 

 

Current profiling would also provide valuable information about the movement of the 

major frontal systems over a period of a day or many months. Present measurements are 

not as specific, and can only characterize the general location of the front on a long-
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term average. The measurement of frontal movement would allow better understanding 

of the strength of tidal mixing and the energy balance in Shark Bay. 

 

Fronts are also known to be locations of confluence of particles – both inorganic and 

organic. Hence, increased productivity in the proximity of fronts is often observed. The 

use of an instrument like a fluorometer in conjunction with and ADCP would allow 

work to be tied back to biological implications in the Bay – which are important to 

fisheries and preservation policies for this World Heritage Site. Increased productivity 

around the frontal regions could possibly lead to more information about the behavior 

and population structure of many important species in the Bay. 
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